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The stimulation of glucose uptake by muscle cells is recognized 
as one of the most important and characteristic actions of in- 
sulin. This hormone effect was shown in earlier work (1, 2) to 
be due to an acceleration of glucose transport through the cell 
membrane, as first proposed by Levine et al. (3, 4). Glucose 
uptake is also stimulated by anoxia, as recently demonstrated by 
Randle and Smith (6) who attributed this effect to acceleration 
of the transport process. Morgan, Randle, and Regen (7) con- 
frmed this conclusion and showed, in addition, that anoxia 
stimulated glucose phosphorylation. 

In the present work, we have studied the effects of insulin 
and anoxia on glucose uptake in more detail and have attempted, 
in particular, to analyze the kinetics of the uptake process. In 
this connection, the importance of glucose transport through the 
membrane as a rate-limiting step for uptake has been appreciated 
only recently. Furthermore, the specific nature of the transport 
process and the differences between transport and diffusion 
kinetics in muscle have not been clearly described previously. 

We have employed the isolated, perfused rat heart as the test 
preparation. The process of glucose uptake by this tissue has 
been taken to consist of three sequential steps. These are (a) 
the diffusion of glucose from within the capillary to the muscle 
cell surface, (b) the transport of glucose through the cell mem- 
brane, and (c) the intracellular phosphorylation of the sugar. 
The kinetics of each of these steps has been investigated, and 
the extent to which each step limits, or controls, uptake has been 
evaluated. The effects of insulin and anoxia on uptake as a 
whole and on each step individually have been determined. The 
present study deals with heart muscle from normal rats and the 
following paper with muscle from diabetic rats. 

The use and properties of the isolated heart preparation are 
described in detail. 

Preliminary reports of some of this work have appeared earlier 
(8, 9). 


EXPERIMENTAL PROCEDURE 


Preparation and Perfusion of the Heart—Rats of the Sprague- 
Dawley strain weighing 250 to 300 g were fasted for 18 hours 
before use. Heparin sodium (5 mg) was injected intraperi- 
toneally 1 hour before the rats were killed. 

The preparation of the heart was as follows. The animal was 
killed with a guillotine decapitator (Harvard Apparatus Com- 
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pany, Cambridge, Massachusetts). An inverted V incision was 
made between the upper abdomen and the base of the neck. 
The abdominal tissues across the base of the V and the attach- 
ments of the diaphragm to the rib cage were transected, and the 
cut section of the anterior thorax was lifted out. The heart 
was raised with the fingers and the great vessels were cut about 
5 mm distal to the base. The heart was then immediately placed 
in a beaker containing 0.9% sodium chloride chilled in an ice 
bath. Contractions stopped within a few seconds. Speed was 
essential and with practice the above procedures could be com- 
pleted in 20 seconds. When the heart had been cooled for 1 to 
2 minutes, the aorta was grasped with a pair of fine-tipped 
forceps and slipped about 3 mm onto a grooved perfusion can- 
nula filled with perfusion fluid. Ligation was facilitated by 
holding the heart in place with a hemostat clamped across the 
upper margin of the aorta. The clamp was then removed and 
the perfusion with warm medium begun. The first 8 ml of 
medium passing through the heart washed out all visible blood; 
they were collected in a graduated cylinder and discarded. This 
washing also served to equilibrate the glucose concentration in 
the interstitial fluid with that in the perfusate. 

The rate, perfusion pressure, and general appearance of the 
heart were noted near the beginning and end of the eee 
period. Unsatisfactory preparations were discarded. 

Perfusion Medium—Krebs-Henseleit bicarbonate buffer (10), 
pH 7.40, equilibrated with either O.-CO, (95:5) or N.-CO2 
(95:5) at 37° was used in all experiments. 

Apparatus—The apparatus used in these studies included 
both washout and recirculation units (Fig. 1). The recircula- 
tion unit was used for measurements of glucose uptake. In this 
system the heart was suspended in a 2- X 20-cm (internal dimen- 
sions) water-jacketed chamber with a coarse sintered glass filter 
disk sealed into the lower portion. The cannula was held by a 
rubber stopper grooved to allow passage of a plastic tube deliver- 
ing the gas mixture into a small pool of medium on the surface 
of the filter and to allow the gas mixture to escape from the 
chamber. It was most important to equilibrate the gas mixture 
with water at 37° before passing it through the chamber, or 
significant changes in perfusate volume would occur. The 
medium entered the coronary circulation by way of the can- 
nulated aorta, and, on leaving the heart, flowed down the surface 
of the chamber and through the filter. It was recirculated by a 
peristaltic pump (model No. 5-8950, American Instrument Com- 
pany, Inc.). A water-jacketed 10/30 standard taper, ground 
glass female joint, fitted with a rubber stopper, served as a bubble 
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Fig. 1. Diagrammatic representation of the perfusion appara- 
tus. The apparatus is described in the text. The authors are 
indebted to Dr. M. T. Bush for advice in the development of the 
apparatus. 


trap in the line just ahead of the heart chamber and was con- 
nected to a mercury manometer. 

Before the heart was placed in the apparatus, the desired 
amount of medium plus 8 ml for the preliminary washing were 
measured into the heart chamber. The pump was turned on 
and the fluid level in the bubble trap was raised to about 2 cm 
by venting the connection to the manometer. Satisfactory pres- 
sures and flow rates were obtained in the subsequent perfusion 
by making a preliminary adjustment of the pump to produce’a 
pressure of 150 mm Hg with the tube leading to the heart can- 
nula clamped off. 

When checked by isotope dilution with sorbitol-1-C™, the 
circulating volume was found to be 0.50 + 0.17 ml per g of heart 
larger than the volume of medium added. This increase was 
due to a carry-over of fluid in the chambers and interstitial 
space of the heart. A correction for this additional volume was 
made so that, in effect, the volume of interstitial water was 
included in the estimate of perfusate volume. 

The washout unit of the apparatus consisted of a Mariotte 
bottle reservoir placed 90 cm above the level of the heart to 
supply oxygenated buffer at 37°. When indicated, the perfusate 
leaving the heart was collected and measured in a series of 
graduated cylinders. 

In comparison to the apparatus described by Bleehen and 
Fisher (11), employed extensively in our early experiments, the 
present setup permitted better control of flow and pressure. It 
required a smaller volume of recirculating medium (minimum 5 
ml) and mixing was faster. The apparatus was simpler to con- 
struct, more compact, and easily cleaned. 

Chemicals—n-Sorbitol was obtained from the Nutritional 
Biochemicals Corporation; D-glucose from Merck and Company, 
Inc., and crystalline zinc insulin, treated to remove glucagon, 
from Eli Lilly and Company (Lot No. 466367). p-Sorbitol-1-C™ 
was obtained from the Bureau of Standards, Washington, D. C. 
Glucose oxidase was obtained from the Sigma Chemical Com- 
pany, horseradish peroxidase from the Worthington Biochemical 
Corporation, and 3,3’-dimethoxybenzidine from Distillation 
Products Industries, Rochester, New York. 

Glucose Uptake—This was defined as the disappearance of 
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glucose from the medium. Measurements were made by the 
glucose oxidase method as described by Huggett and Nixon (5), 

Tissue Glucose and Glucose Space—At the end of the perfusion, 
the heart was cut from the cannula into a beaker of ice-cold 0.9% 
NaCl and immediately bisected with scissors in order to promote 
rapid chilling and prevent further glucose utilization. The sub. 
sequent handling of the tissue and the procedure for estimating 
glucose content by the oxidase method have been described 
earlier (7). It may be added here that the glucose estimation 
was checked by first removing the glucose as glucose 6-phosphate 
with ATP and five times recrystallized hexokinase (a gift from 
Dr. 8. P. Colowick) followed by Ba(OH)2 and ZnSO, precipita- 
tion. The supernatant solution gave color in the glucose oxidase 
reaction equivalent to 20 ug of glucose per g of heart for normal 
and 25 wg per g for diabetic tissue. These blanks were sub- 
tracted from all estimations. By paper chromatography (12) 
the reactive materials appeared to be largely maltose and glyco- 
gen, both of which cause slow color development in the oxidase 
system because of contaminating enzymes. 

The glucose space was defined as the volume of tissue water 
necessary to contain the glucose of the tissue at the concentration 
of the perfusion medium. It was calculated by the following 
formula: 


Glucose space, ul/g 
_ (muscle glucose, ug per g of wet muscle)(1000) 


(medium glucose, ug per ml) 


Intracellular glucose concentrations were calculated as follows: 


Intracellular glucose, mg/100 ml 
(glucose space — sorbitol space, ul/g) 
(perfusate glucose, mg/100 ml) 


(Total water — sorbitol space, ul/g) (0.75) 


The factor 0.75 was introduced on the basis of unpublished 
studies with several nonmetabolized sugars which showed that 
only 75% of the intracellular water was available for sugar dis- 
tribution. 

Extracellular Space—This was determined with sorbitol, since 
it is similar in diffusion characteristics to glucose but does not 
penetrate the muscle cell. Sorbitol-1-C' was used in order to 
ensure specificity in its estimation. Approximately 12 uc of 
p-sorbitol-1-C™ in 50 mg of carrier were added to each 100 ml of 
the perfusion medium. Solutions for counting were prepared as 
described for glucose (7). Aliquots (0.5 to 1.0 ml) were dissolved 
in 60 ml of a solution of toluene and ethanol (77:23 volume per 
volume) containing 4 g of diphenyloxazole per liter and were 
counted in a liquid scintillation counter (Tracerlab). The count- 
ing rates varied from 20 to 100 times background. The sorbitol 
space was calculated in the same manner as the glucose space. 

Tissue Water—This was determined on a 100- to 200-mg ali- 
quot of fresh muscle dried in a vacuum at room temperature to 
constant weight. 

Statistical Analysis—The significance of differences between 
means was established by the ¢ test method (13). 


RESULTS 


General Characteristics of Preparation—Cardiac contractions 
began within a few seconds after exposure to the warm perfusion 
medium. During the following 2 to 3 minutes, the rhythm was 
frequently irregular but then became steady at a rate of 200 to 
240 beats per minute which was maintained for at least 1 hour. 
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The perfusion pressure of 35 to 50 mm Hg and coronary flow of 
7 to 10 ml per minute were also constant. The oxygen tension 


of the buffer, determined by gas chromatography (14), was 


about 550 mm Hg on entering and 175 mm Hg on leaving the 
heart, the latter being still well above that of normal arterial 
blood. The oxygen uptake, calculated from these figures, the 
solubility of oxygen in water, and the coronary flow, was approxi- 
mately 0.1 ml per g per minute. 

When the heart was perfused under anaerobic conditions, con- 
tractions usually stopped within 2 or 3 minutes. The perfusion 
pressure fell by about 10 mm Hg, and the coronary flow increased 
by about 50%. Fifteen minutes of anoxia did not cause any 


TABLE I 


Glucose uptake by isolated heart during two successive 
periods of perfusion 

The number of hearts is given by the figures in parentheses. 
The heart was perfused with fresh medium at the beginning of the 
second period in order to restore the initial concentration of 
glucose (100 mg per 100 ml). For these experiments, two re- 
circulating perfusion units were connected together through a 
three-way stopcock (see Fig. 1) and the muscle was transferred to 

the second chamber at the beginning of the second period. 


Glucose uptake 


Perfusion conditions 


0-15 min 15-30 min 


mg/g/hr 


Aerobic, no insulin......| 5.4 + 0.36* (7) | 5.1 + 0.78 (8) 
Anaerobic with insulin 
in vitro, 100 milliunits/ 


21.142.1 (8) | 20.2+41.7 (6) 


* Standard error. 
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obvious damage in previously normal hearts, since beating began 
immediately upon restoration of oxygen, and the usual values 
for heart rate, perfusion flow, and pressure were quickly re-es- 
tablished. 

As shown in Table I, the glucose uptake was constant over two 
successive 15-minute periods, even at the highest rates, such as 
those obtained with insulin and anoxia. 

Water and Sorbitol Spaces—For the estimation of intracellular 
glucose, it was first necessary to determine the water content of 
the heart and the volumes of the extra- and intracellular com- 
partments. (a) Water content: Table II shows that the water 
content was essentially stable at about 790 ul per g wet weight 
between 5 and 50 minutes of perfusion. It was not affected by 
insulin but was significantly increased by anoxia or hypophy- 
sectomy. (6) Extracellular volume: The extracellular volume 
as determined by the distribution of sorbitol was also essentially 
constant up to 50 minutes at about 360 ul per g under aerobic 
conditions. This volume was about 20% larger than that found 
in vivo, and was associated with a roughly equivalent increase in 
water content, as shown by Bleehen and Fisher (11). The 
extracellular volume was not affected by hypophysectomy or 
alloxan diabetes, but was increased to about 420 ul per g with 
anoxia. (c) Intracellular volume: Under aerobic conditions, 
the volume of intracellular water (total water minus sorbitol 
space) was 430 ul per g and was not altered by insulin or alloxan 
diabetes, but was increased by hypophysectomy to 459 ul per g 
and decreased to 400 ul per g with anoxia. 

When the changes in extra- and intracellular compartment 
size with anoxia were considered in relationship to dry rather 
than wet weight, it could be calculated that the water content 
increased by about 12%, and this increase occurred entirely in 
the extracellular volume. 

Extracellular Transfer of Glucose—In these experiments, an 


TABLE II 
Water content and sorbitol space of isolated, perfused heart 


The conditions and methods employed are described in the text. 


The number of hearts is indicated by the figure in parentheses. 


Alloxan diabetes, with blood plasma sugars in excess of 400 mg per 100 ml after 18 hours of fasting, was induced with 6 mg of alloxan 
per 100 g, intravenously, 48 hours before testing. Hypophysectomy was performed 20 to 30 days before the rats were killed. 


: Time of perfusion, min 
Condition of heart 
5 15 30 50 

Water content, ul/g 
he ee os 0 799 + 2 (10) 792 + 3 (17) 789 + 2 (33) 805 + 7 (6) 
+ 792 + 3 (8) 790 + 3 (8) 789 + 5 (6) 
Normal, anaerobic................ + 815* + 3 (8) 812* + 8 (6) 
0 794 + 4 (8) 
Hypophysectomized............... 0 810* + 1 (16) 

Sorbitol space, ul/g 
ERE MOR See WRT 0 336 + 16 (6) 360 + 8 (28) 356 + 10 (16) 371 + 4 (6) 
+ 374 + 13 (6) 366 + 10 (28) 376 + 5 (29) 346 + 7 (6) 
Normal, anaerobic................ 0 412 + 23 (9) 419* + 8 (8) 
Normal, anaerobic................ + 440* + 9 (8) 422* + 13 (8) 
0 361 + 5 (8) 
NS + 346 + 5 (8) 
Hypophysectomized............... 0 351 + 9 (21) 
Hypophysectomized, diabetic...... 0 363 + 6 (16) 


* p <0.01 versus corresponding normal control. 
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Fic. 2. Time course of the washout of sorbitol from the extra- 
cellular space of the perfused heart. The procedure and calcula- 
tions are described in the text. For each point, six hearts were 
analyzed. For the small compartment, the volume was estimated 
to be 94 ul per g, the time constant 1.7 minutes, and the resistance 
30.2 hours per 100 ml per g of heart. The authors are indebted 
to Dr. R. L. Post for developing,the present mathematical treat- 
ment. 
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15 
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Fic. 3. The time course of the filling of the extracellular space 
in the perfused heart with sorbitol and glucose. The sorbitol 
space, O; the glucose space without insulin, 0. The hearts were 
first perfused with buffer with or without insulin for 5 minutes. 
The perfusate was then changed to medium containing sorbitol- 
1-C'4 (50 mg per 100 ml) and glucose (100 mg per 100 ml) with or 
without insulin (100 milliunits per ml). At each point indicated, 
six hearts were analyzed for their sorbitol and glucose contents. 
For the large compartment, the volume was estimated to be 250 
ul per g; the time constant was less than 0.25 minute, and the 
resistance was less than 1.7 hours per 100 ml per g of heart. 


attempt was made to determine whether or not the passage of 
glucose from within the capillary to the cell surface constituted 
an important rate-limiting step for uptake. The problem was 
approached by determining the rate of sorbitol distribution in 
the extracellular water, on the assumption that the transfer of 
this analogue would reflect that of glucose. The latter could 
not be studied directly because of penetration into the tissue 
cells. Sorbitol was not detectably metabolized by the tissue. 
In the first experiment, the rate of sorbitol transfer out of the 
extracellular space was estimated. The heart was perfused with 
sorbitol-1-C™ (100 mg per 100 ml) during a preliminary 15-min- 
ute period in order to equilibrate the perfusate and interstitial 
concentrations. The rate of outward transfer was then observed 
during a subsequent washout perfusion with sorbitol-free buffer. 
As seen in Fig. 2, it appeared that the alcohol came from a sys- 
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tem containing at least two compartments. The larger of these 
constituting about 75% of the volume, was characterized by 
rapid rate of transfer, and the smaller, constituting 259%, by a 
relatively slow rate. In a second experiment, the rate of sorbito] 
transfer into the extracellular space was determined. As seen 
in Fig. 3, the filling of the space also suggested the presence of a 
rapidly equilibrating, larger compartment and a slowly equili- 
brating, smaller space. Similar rapidly and slowly equilibrating 
compartments in the extracellular space have been observed by 
Cotlove (15). 

When the curves of Fig. 2 were analyzed as described in the 
following paragraphs, the conclusion was reached that extracel- 
lular transfer could generally be ignored as a significant rate- 
limiting step. The approach was as follows. Each extracellular 
compartment was imagined to be bounded by a barrier across 
which substances like glucose would move by simple diffusion; 
that is, at a rate proportional to the concentration gradient and 
inversely proportional to the resistance of the barrier. It was 
also postulated that the compartments were well mixed at all 
times. A compartment would therefore fill exponentially with a 
time constant, 7’; that is, the time required for the internal con- 
centration to come 63% of the way toward equilibrium with the 
external concentration. In such a system, 7 is equal to the 
product of the resistance of the barrier, R, and the volume of 
the compartment, V; 7.e. 7 = RV. Both T and V could be 
estimated directly from the curves and a value for R could be 
calculated for each compartment (see legends to Figs. 2 and 3). 
These resistances were assumed to apply to glucose transfer and 
were used to calculate the concentration gradient across the 
barrier at various rates of glucose uptake (gradient = R x 
glucose uptake). Since glucose uptake as a function of concen- 
tration was known (see below), it was thus possible to evaluate 
the extent to which this fall in concentration between the cap- 
illary and cell wall would reduce glucose uptake. 

The calculated resistance to transfer through the small com- 
partment was so high as apparently to preclude transfer through 
this space as a step in glucose uptake. For example, in order to 
reach an uptake of 10.7 mg per g per hour, a gradient of 329 
mg per 100 ml would be necessary for this transfer, whereas 
this rate was actually obtained with an external concentration 
of 85 mg per 100 ml (Table III). On the other hand, the resist- 
ance to transfer through the large compartment was relatively 
low, and, under aerobic conditions, would require a gradient 
of less than 20 mg per 100 ml even with the highest rates of 
uptake. This would reduce glucose uptake by less than 
10%, except when the perfusate concentration was below 50 
mg per 100 ml and penetration into the cell was facilitated by 
the presence of insulin. Here glucose uptake might be restricted, 
but by no more than 30%. Under anaerobic conditions also, 
transfer through this compartment would not limit glucose 
uptake greatly except at very low perfusate concentrations in 
the presence of insulin. In the latter instance, however, glucose 
uptake was so high as to suggest that the resistance itself might 
have decreased. This would be expected with the increase in 
coronary flow already mentioned and the known increase in 
capillary permeability with anoxia (16). 

The time curve for the glucose space in the absence of insulin 
followed that of sorbitol very closely, as seen in Fig. 3. This 
would be expected with a low resistance to extracellular transfer 
relative to that for cell penetration. In the presence of insulin, 
on the other hand, the glucose space quickly exceeded the extra- 
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TaBLeE III 
Effect of insulin on uptake, phosphorylation, and intracellular accumulation of glucose in isolated aerobic heart perfused 
with various concentrations of glucose 
Perfusions were carried out for 30 minutes in all cases. The volume of medium was adjusted to give a 20% or larger change between 
the initial and final perfusate concentrations. The final concentration was used to calculate the glucose space and intracellular glucose 
concentration. The extracellular (sorbitol) space was taken to be 360 + 10 ul per g. Insulin was added to the perfusate where indi- 


cated in a concentration of 100 milliunits per ml. 


The number of hearts tested is given by the figures in parentheses. 


Perfusate glucose 
————n Insulin added Glucose uptake Glucose space Intracellular glucose Glucose phosphorylation 
Initial Final 
mg/100 ml mg/g/hr ul/g mg 100 ml mg ghr 

15 11 0 1.4 +0.1 (7) 1184 n.d.® 1.4+ 0.1 

50 24 0 4.1 +0.3 (8) 1582 n.d. 41+ 0.3 
100 69 0 4.7 + 0.2 (10) 268 + 21 n.d. 4.7 + 0.2 
150 108 0 5.8 +0.5 (6) 269 + 10 n.d. 5.8 + 0.5 
300 197 0 10.0 + 0.6 (11) 360 + 13 n.d. 10.0 + 0.6 
400 292 0 11.3 +0.8 (9) 344 + 19 n.d. 11.3 + 0.8 
600 495 0 11.6 + 0.7 (12) 386 + 14 n.d. 11.3 + 0.7 
800 655 0 11.3 + 0.6 (12) 364 + 10 n.d. 11.3 + 0.6 
50 34 + 8.3°+ 0.2 (6) 94¢ n.d. 8.3 + 0.2 
100 71 + 10.7° + 0.6 (8) 4302 + 17 15¢+ 4 10.4 + 0.6 
300 166 + 14.1¢°+ 0.7 (6) 5474+ 6 9°+ 6 13.2 + 0.7 
600 438 + 15.8¢°+ 1.0 (7) 5584 + 16 269° + 26 14.0 + 1.0 
800 637 + 16.8¢ + 0.5 (8) 5644+ 8 402¢ + 26 14.2 + 0.5 


« The reliability of these values is questionable in view of the small amounts of glucose involved. 


bn.d. = none detected. See footnote 2. 
¢p <0.01 versus corresponding control. 
4p <0.01 versus extracellular volume. 
¢p <0.01 versus 0. 


cellular volume because of rapid penetration and accumulation 
of free sugar inside the cell.! It can also be seen that the glucose 
space in the presence or absence of insulin came into a steady 
state within about 3 minutes. 

From these studies, the conclusion was reached that the extra- 
cellular transfer of glucose took place through the rapidly equili- 
brating compartment, and that this step did not significantly 
limit glucose uptake except possibly at very low perfusate con- 
centrations in the presence of insulin. 

Measurement of Transport and Phosphorylation—The problem 
of how to measure the transport and phosphorylation steps 
separately was approached as follows. 

It was important to distinguish between inward and net (inward 
minus outward) transport, since the process is reversible (8, 17). 
Inasmuch as all glucose taken up must penetrate the cell, net 
transport could be equated with glucose uptake under all condi- 
tions. The rate of inward transport could be estimated to a 
frst approximation in the particular circumstance in which the 
concentration of intracellular free glucose was low enough that 
back transport was relatively slow. Under these conditions, 
inward transport was approximately equal to glucose uptake. 
Intracellular glucose was considered to be very low when the 
glucose space was equal to or less than the extracellular volume. 
Corrections for the approximations involved in this approach are 
taken up in detail in a separate paper (25). 

The rate of phosphorylation was taken to be equal to the rate 
of free glucose disappearance from the system asa whole. Thus 
the rate was equal to the glucose uptake corrected for any glucose 

‘The low value for glucose space at 30 seconds was presumably 


due to a rapid transport of glucose into the cell and its removal by 
phosphorylation. 


accumulation inside the cell, since changes in interstitial sugar 
were accounted for in the calculation of uptake from the medium 
(see ‘‘Experimental Procedure’). In order to know whether 
insulin or anoxia stimulated phosphorylation other than by in- 
creasing the availability of substrate, it was essential to relate 
the rate to the intracellular glucose concentration. 

Transport and Phosphorylation under Aerobic Conditions—In 
the absence of insulin, glucose uptake rose with increasing perfu- 
sate concentrations and, above 300 mg per 100 ml, showed an 
obvious tendency to reach a plateau level (Table III). The 
glucose space did not significantly exceed the extracellular volume 
at any time, indicating that only very low levels of intracellular 
free glucose were present. Under these conditions, the values 
for uptake provided an approximate measure of inward transport 
as a function of the external glucose concentration. It was clear 
that this process conformed to Michaelis-Menten kinetics. 
When the data were plotted as seen in Fig. 4, the concentration 
for half-maximal transport was found to be about 120 mg per 
100 ml (6 X 10-* M) and the transport maximum about 14 mg 
per g per hour (8 X 10-5 moles per g per hour). 

In these experiments, the intracellular free glucose remained 
so low that no estimate of phosphorylation as a function of glu- 
cose concentration could be made. 

With the addition of insulin, glucose uptake increased much 
more rapidly at low perfusate concentrations of glucose, and there 
was less tendency to reach a plateau rate at high concentrations. 
The glucose space rose sharply and, at 100 mg per 100 ml, sig- 
nificantly exceeded the extracellular volume, indicating a sub- 
stantial accumulation of intracellular free sugar. 

These effects were attributed to an acceleration of transport 
by the hormone. At a low perfusate concentration (50 mg per 
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Fic. 4. Glucose transport inward as a function of the external 
glucose concentration plotted according to Lineweaver and Burk 
(18). The data are plotted from the values for glucose uptake, 
(V), at various external glucose concentrations (S), under aerobic 
conditions in the absence of insulin as shown in Table III. The 
external concentrations are the means of the initial and final 
perfusate concentrations. The line has been fitted by the method 
of least squares. 
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Fic. 5. Glucose phosphorylation as a function of the mean in- 
ternal glucose concentration. Glucose phosphorylation is plotted 
at various mean intracellular glucose concentrations. The latter 
were calculated (see ‘‘Experimental Procedure’’) with the average 
rather than the final perfusate concentration. The assumption 
was made that the glucose space did not change significantly over 
the range of external concentrations involved in the course of a 
perfusion. (This assumption appears reasonable as seen by in- 
spection of Table III.) The aerobic line is drawn according to 
Michaelis-Menten kinetics with K,, and Vmax values determined 
from a Lineweaver-Burk plot (18) fitted by the method of least 
squares. 


100 ml), at which uptake provided an approximate measure of 
inward transport, the rate was double that of the control. With 
higher perfusate concentrations, at which uptake measured net 
transport only, the extent of acceleration could not be estimated, 
but was obviously large, since intracellular free glucose accumu- 
lated to high levels in the face of rapid removal by phosphoryla- 
tion. 

In these experiments the phosphorylation rate could be deter- 
mined as a function of intracellular glucose concentration? as 


2 It is recognized, of course, that the estimations of mean intra- 
cellular glucose concentrations involve a number of actual and 
potential errors. The more important of these include uneven or 
changing distributions of the sugar within the cell during the 


seen in Fig. 5. From a Lineweaver-Burk plot of the data, the 
apparent A,, was about 10 mg per 100 ml (5 X 10-* M) and the 
V max about 14.5 mg per g per hour. 

When the rates of phosphorylation with and without insulin 
were considered in relation to intracellular glucose concentra- 
tions, no effect of the hormone was apparent. In Experiments 
6, 7 and 8 of the control series, the intracellular glucose concep. 
trations were too low to be detected. Allowing for a substantia] 
experimental error,? it was estimated that these concentrations 
could not have exceeded 10% of the perfusate concentration. 
In other words, phosphorylation reached a rate of 11.3 mg per 
g per hour at glucose concentrations in the range of 30 to 65 mg 
per 100 ml or less. These estimates are to be compared with 
Experiments 2 and 3 in the insulin series. In Experiment 2, 
the glucose concentration (15 mg per 100 ml) may have been 
below the control range, and the phosphorylation rate was 
slightly lower (10.3 mg per g per hour). In Experiment 3, the 
intracellular glucose concentration (96 mg per 100 ml) was almost 
certainly above the control range, and the rate was 17% faster, 
This marginal effect of insulin, if any, on phosphorylation is to 
be contrasted with the clear-cut acceleration induced by anoxia 
as described in the next paragraphs. 

Transport and Phosphorylation under Anaerobic Conditions— 
With anoxia in the absence of insulin, glucose uptake rose more 
rapidly and reached higher levels as the perfusate concentration 
was increased (Table IV). This effect was due in part to trans- 
port acceleration, as seen by a comparison with the aerobic data 
(Table III) at corresponding low perfusate concentrations 
where the uptake rates largely reflected inward transport. The 
acceleration was also apparent from the fact that free glucose 
accumulated with anoxia at the higher perfusate concentrations 
despite more rapid removal by phosphorylation. The decline 
in glucose space at the highest perfusate concentration will be 
discussed presently. The data also suggested that anoxia stim- 
ulated phosphorylation, since some of the rates obtained were 
above those seen aerobically (Fig. 5). 

With anoxia and added insulin, uptake was apparently maxi- 
mal over the entire range of perfusate concentrations. These 
high rates were due in large part to a further acceleration of 
transport by the hormone, as seen by comparing the uptake 
rates with and without insulin (Table IV) when the perfusate 
concentration was 50 mg per 100 ml and transport was principally 
limiting. 

With regard to phosphorylation, the rates with insulin were 


only 13% higher than the controls at comparable intracellular 
glucose concentrations (Fig. 5). Thus any effect of the hormone — 


was certainly very small and may have been absent, in view of 


the errors of the measurements. On the other hand, the stimu- | 


latory effect of anoxia per se was substantial, as seen from 3 


course of the experiments, an inability to stop glucose utilization 
instantly at the end of the perfusion, and the presence of concen- 
tration gradients in the interstitial space. These errors would 
lead in general to underestimations of intracellular concentrations 
and would be particularly prominent when low concentrations are 


involved; that is, in most experiments with low perfusate concen- . 


trations. Such errors presumably account for those glucose spaces 
that are less than extracellular in Tables II and III. These errors 
may also result in an underestimation of values for the Km of 
phosphorylation, but have less effect on the estimation of the Vmax 
values. There is no reason to believe that the general pattern, or 
gross changes in kinetics described in this or the subsequent papers 
(25, 32, 33) are seriously affected by these difficulties, but the 


numerical estimates of kinetics constants should be regarded as 


provisional only. 
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TABLE IV 


Effect of insulin on uptake, phosphorylation, and intracellular 
accumulation of glucose in isolated heart perfused with various 
concentrations of glucose under anaerobic conditions 


Perfusions were carried out for 30 minutes in all cases. Anoxia 
was induced by perfusion with buffer thoroughly equilibrated 
with Ne-CO2 during both the preliminary washout and subse- 
quent test periods. The conditions otherwise were as described 
in Table III. The extracellular volume was taken to be 430 + 
10 ul per g- The glucose uptake and phosphorylation rates are 
corrected for the increased water content resulting from anoxia. 
In order to convert the uptake and phosphorylation rates to mg 
per g dry weight per hour, the values should be multiplied by 
476. The number of hearts tested is given by the figure in 
parentheses. 


satin | uptake | | | 
Ini-| 
tial | = 
mg/100 ml mg/g/hr ul/g mg/100 ml mg/g/hr 
50: O (11.2 + 0.2 (6)|2352 (11.2 + 0.2 
100 55, O 114.9 + 0.7 (9)336 +18 nd. +0.7 
0 17.9 (6)538¢ + 11] 784 + 1116.9 + 1.2 
0 18.0 1.2 (9)/558¢ + 181934 + 3216.9 + 1.2 
1000845 0 16.9 + 1.5 (8)483 + 16153 + 5516.0 + 1.6 
3023 + 19.0¢ + 1.2 (10)\2612 nd. + 1.2 
100 41 + 21.1¢°+2.1 (8)263 + 13 nd. {21.1 + 2.1 
300206 + 21.4 + 0.9 (8)547¢ + 17] 824 + 1420.5 + 0.9 
000 410 4+ 20.5 +0.5 (8)1632° + 362834 + 52/18.7 + 0.6 
1000801] + 21.3 + 1.0 (8) + 279234 + 79|19.4 4+ 1.2 


¢ The reliability of the numbers is doubtful in view of the low 
concentrations of glucose involved. 

bnd. = none detected. See footnote 2. 

¢p <0.01 versus extracellular volume. 

4p <0.01 versus 0. 

‘py <0.01 versus corresponding control. 


comparison of the aerobic and anaerobic curves obtained in the 
presence of insulin (Fig. 5). This effect on phosphorylation ap- 
pears to account fully for the difference in uptake rates between 
the aerobic and anaerobic experiments in the presence of insulin, 
since, as shown earlier (7), transport is unaffected by the presence 
or absence of oxygen when maximally stimulated by insulin. 
This positive effect of anoxia on phosphorylation is to be con- 
trasted with the lack of any large effect of insulin alone, as men- 
tioned earlier. 

The kinetics of inward transport with anoxia could not be 
determined because of intracellular glucose accumulation. Sim- 
larly, no estimate of the phosphorylation K, could be made, 
since the critical range of rapidly changing rates occurred at con- 
centrations below the level of detection by our methods. The 
fact, however, that near maximal rates were found at very low 
levels in the insulin series indicated that the K,, was substantially 
reduced (Fig. 5). The anaerobic phosphorylation Vmax was 
estimated from the average of the insulin rates to be about 20 
mg per g per hour. 


DISCUSSION 


The heart preparation has certain unique advantages for the — 


| study of glucose transport and phosphorylation in muscle. (a) 
_ The muscle fibers are intact, an essential feature if transport 
processes are to be distinguished from diffusion artifacts intro- 
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duced by cut edges as found, for example, in the usual diaphragm 
preparation (19). Other major disturbances in the control of 
glucose uptake which result from cutting the muscle fibers have 
been emphasized by Kipnis (20). (6) The extracellular transfer 
of substrates and hormones from the medium to the cells is very 
rapid, since all substances are carried through the normal physio- 
logical channels by the capillary circulation. (c) It is possible to 
measure both glucose utilization and distribution in contrast, 
for example, to the “intact” diaphragm preparation (21) in which 
utilization cannot be determined. In our experience, the heart 
is superior to the conventional cut diaphragm for uptake meas- 
urements, particularly over short time intervals or with high 
sugar concentrations in the medium, because of a more favorable 
ratio of sugar utilized to the quantity of sugar in the medium. 
(d) The excellent stability of the preparation with regard to 
mechanical activity, perfusion pressure, and oxygen tension pro- 
vides some assurance that the muscle remains in a physiological 
state. In this connection, the maintenance of glucose uptake 
during incubation appears to be superior to that in the diaphragm 
(22), as seen in Table I and as noted earlier by Bleehen and Fisher 
(11). An active synthesis of glycogen from glucose has been 
noted by these authors (23), and further studies in this regard 
will be described in a subsequent paper. Finally, the effects of 
hormones and other agents on glucose utilization are generally 
more consistent and often larger than those seen with the dia- 
phragm preparation. In general, it would appear that the above 
properties may often be sufficiently advantageous to offset the 
somewhat greater mechanical difficulties of handling the heart 
as compared to the diaphragm or other muscle preparations. 

Since extracellular transfer did not appear to be an important 
limiting step for glucose uptake, an acceleration of this process 
by insulin, if present, could have little effect on the uptake rate. 
Since large effects of the hormone were nevertheless obtained, 
the point of action in the heart preparation must have been on a 
subsequent step. It should be emphasized, however, that a 
physiologically important action of insulin on extracellular trans- 
fer has been excluded only for this particular preparation. It is 
probable, for example, that transfer is much slower and therefore 
more limiting for uptake in skeletal muscle, in which the capillary 
network is largely closed and intrinsically more sparse than in the 
heart. In this connection, our group (2) and Kipnis, Helmreich, 
and Cori (24) have provided suggestive evidence that extracel- 
lular transfer may be limiting under certain conditions. The 
possibility remains that passage of glucose through endothelial 
tissues occurs by hormone-sensitive transport mechanisms as 
well as by diffusion. 

The finding that inward transport conforms to Michaelis- 
Menten kinetics provides further support for the concept that 
the process in muscle cells also involves combination of glucose 
with a specific membrane site (8). In this regard, transport 
could be regarded as the first reaction in glucose metabolism, 
leading to a translocation rather than a transformation of the 
substrate. 

In connection with transport measurements, the assumption 
of unidirectional transport is not completely valid. Some glu- 
cose must always be present inside the cell as substrate for phos- 
phorylation and will lead to transport outward. Allowance for 
this error, to be taken up in a subsequent paper (25), does not 
suggest any alteration in the basic kinetic pattern, but does 
indicate that the present values for the transport K,, and V max 
should be increased to about 157 mg per 100 ml and 18.4 mg per 
g per hour, respectively. The K,, value can account for the 


9 

lin | 

re | 

nts | 

en- 

ial | 

ons 

on. 

per 

mg 

‘ith 

2, 

vas | 

the | 

ost | 

ter. | 

ore 

ion 

ans- 

lata 

ions 

The 

cose 

line 

lbe | 

tim- 

ere 

hese | 

n of | 

take | 

sate | 

ally 

were 

lular 

one 

w of | 

imu- 

ym 3 

ation 

cen- 

vould 

tions 

is are 

ncen- 

paces 

>yrors 

n Of 

Wane 

rn, or 

apers 

t the 


260 


sensitivity of uptake rates to physiological changes in blood 
glucose concentration. The value is close to that obtained for 
glucose transport in the human (26, 27) and rabbit (28) erythro- 
cyte. This is in accord with the concept (8) that the basic mech- 
anisms of transport in the two tissues are similar, although the 
process in the red blood cell is not sensitive to insulin. 

The general implications of the transport kinetics for the con- 
trol of glucose uptake and a quantitative description of how 
these kinetics are affected by insulin will be deferred to a subse- 
quent paper (25). It may be noted, however, at this point that 
Michaelis-Menten kinetics can account for the failure of intra- 
cellular glucose concentration to rise in proportion to the perfu- 
sate concentration. This is particularly striking at high perfu- 
sate concentrations under anaerobic conditions where it is 
reflected by a decline in the glucose space as noted earlier (upper 
panel of Table IV). An analogous phenomenon has been ob- 
served (27) in the erythrocyte and can be explained by a rise in 
the intracellular glucose concentration to a level at which out- 
ward transport approaches saturation. Under these conditions, 
inward and outward transport rates become nearly equal and 
net transport virtually ceases, although a large concentration 
gradient may remain across the cell membrane. This phenom- 
enon is not as obvious in the presence of insulin, probably because 
of a failure to reach saturation rates because of a rise in the 
transport A,, (25). 

The apparent A,, for glucose phosphorylation in the tissue 
under aerobic conditions is about 100 times the A, (8 x 10-6 
M) for heart muscle hexokinase found by Sols and Crane (30). 
The K,, appears to be reduced with anoxia and the V max is in- 
creased by about 35%. The effect of insulin in vitro on the 
phosphorylation process in the 30-minute period of these experi- 
ments is certainly small, if indeed there is any at all. | 

The major limiting steps for glucose uptake are transport and 
phosphorylation, since extracellular diffusion can usually be dis- 
regarded, as discussed. The extent to which each of these two 
steps limits uptake can be evaluated as follows. In the steady 
state, glucose uptake will proceed at a rate determined by the 
concentration of glucose available to the phosphorylation step. 
The highest possible uptake would occur in the hypothetical 
situation in which the membrane were absent and the available 
glucose concentration were that of the perfusate. In fact, how- 
ever, the membrane always restricts glucose entry, and phos- 
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Fig. 6. The extent to which transport limits glucose uptake by 
the perfused heart under aerobic conditions. The figure is ex- 
plained in the text. 
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phorylation occurs at a rate determined by the intracellular 
glucose concentration. Thus the difference between the highest 
possible and actual uptake divided by the highest possible gives 
the fraction by which transport is limiting. The limitation re. 
maining is due to phosphorylation. 

The relative limitations imposed by transport and_ phos. 
phorylation are shown in Fig. 6 for the aerobic tissue. The 
highest possible rate is indicated by the no membrane curve. 
This curve is simply a plot of phosphorylation against the perfu. 
sate concentration according to Michaelis-Menten kinetics with 
the values for the constants listed earlier. The extent to which 
transport lowers this rate is shown by the lower curves. These 
are smooth plots of the uptake rates against perfusate concentra- 
tions (Table II) for the situations with and without added ip- 
sulin. It can be seen that transport restricts uptake by more 
than 50% in the range of extracellular concentrations below 100 
mg per 100 ml. At higher concentrations, this restriction dimin- 
ishes progressively and is less than 20% at 800 mg per 100 ml. 
When insulin is added, transport reduces uptake by 50% or more 
only when the extracellular concentration is below 25 mg per 100 
ml. This restriction rapidly diminishes at higher external con- 
centrations and becomes negligible above 200 mg per 100 ml. 

A similar analysis for the anoxic heart suggests that transport 
is the major limiting step for uptake only in the absence of insulin 
at perfusate concentrations below 100 mg per ml. At higher 
concentrations, or in the presence of insulin, phosphorylation is 
predominantly limiting. 


SUMMARY 


The control of glucose uptake and the effects of insulin and 
anoxia have been studied in the isolated, perfused rat heart. By 
employing a wide range of perfusate concentrations, it has been 
possible to determine in a semi-quantitative manner the kinetics 
of extracellular transfer, membrane transport, and intracellular 
phosphorylation, and their relationship to each other in the 
uptake process. 

1. The extracellular transfer of glucose from the capillary to 
the cell membrane is very rapid and does not appear to be an 
important limiting step for uptake except possibly in the presence 
of insulin when the capillary glucose concentration is at a physio- 
logically very low level. 

2. In the absence of added insulin, glucose transport through 
the muscle cell membrane is the major limiting step for uptake 
in the normal range of blood glucose concentrations. At higher 
concentrations, phosphorylation becomes predominantly limit- 
ing. 

Inward transport as a function of external glucose concentra- 
tions conforms to Michaelis-Menten kinetics. 

3. With addition of insulin, glucose uptake is increased be- 
cause of acceleration of the transport step. Under these condi- 
tions, phosphorylation is the major limiting step at all external 
concentrations above 25 mg per 100 ml. 

Phosphorylation of glucose in the tissue has an apparent An 
of about 10 mg per 100 ml and a Vmax of 14.5 mg per g per hour. 
The kinetics of phosphorylation is not affected grossly by a 30- 
minute exposure to insulin in vitro. 

4, With anoxia, glucose uptake is increased. This is due to 
an acceleration of transport, an increase in the phosphorylation 
capacity, and a decrease in the apparent phosphorylation Kn. 
In the anoxic muscle, transport is predominantly rate-limiting 
for uptake at physiologically low external glucose concentrations 
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and phosphorylation at higher concentrations. With anoxia 
plus insulin, glucose uptake is further accelerated because of 
further transport acceleration by the hormone. Phosphorylation 
becomes the only important limiting step for uptake, and near 
maximal rates are obtained even at very low external glucose 
concentrations. 
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conditions. Transport has also been studied with the nonme- RESULTS 

tabolized glucose analogue, L-arabinose. From this study, it has Extracellular Transfer of Glucose—The following experiments 
been possible to clarify to a large extent the question of rate- indicated that extracellular transfer of glucose from the capillary 
limiting steps and to observe how these steps are affected by to the muscle cell membrane was not a significant rate-limiting — 
insulin and anoxia. step for glucose uptake in the diabetic muscle. As described — 
earlier (9), the rate of sorbitol distribution in the extracellular : 
space was taken as an index of glucose transfer. Sorbitol does — cap 
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in 
A depression of glucose uptake in muscle from the diabetic injection of 60 mg of alloxan per kg, and the animals were used 

animal was first observed in 1912 by Knowlton and Starling in about 48 hours later. This dose induced severe diabetes leading al 
studies (1) with the perfused heart. Subsequently, this finding to death on the 3rd or 4th day. Animals treated daily with in. | 
was confirmed in a number of other laboratories with other mus- sulin beginning the 2nd day after injection, or hypophysecto. si 
cle tissues. The depression has generally been ascribed to a mized-alloxan diabetic rats, survived indefinitely, indicating that | It 
hormonal imbalance involving insulin, pituitary, and adrenal death was not due to nonspecific intoxication. gl 
factors. Perfusion of Hearts—The hearts were perfused with Krebs. (I 
In order to localize the point at which these hormonal factors Henseleit bicarbonate buffer at 37° as described previously (9). al 
act, it is necessary to know what step or steps are rate-limiting Materials—The materials employed have been listed earlier mi: 
for glucose uptake in the diabetic tissue. In this connection, (9). Alloxan monohydrate was obtained from the Eastman th 
Colowick, Cori, and Slein (2) reported in 1946 an inhibition of Kodak Company. _ 
hexokinase activity in extracts of diabetic muscle which was Analytical Procedures—The analytical procedures for glucose ta 
relieved by insulin. Cori (3) and Krahl and Cori (4) then pro- and sorbitol have been described (9). .t-Arabinose was deter- 10 
posed that phosphorylation was limiting for uptake in the intact mined as described earlier (10) except that the p-bromoaniline ins 
diabetic tissue. Several years later, Park (5) and subsequently procedure (11) was used for tissue estimations. Ce 
Kipnis, Helmreich, and Cori (6) obtained evidence in intact Calculations—These have been presented earlier (9). A cor- rel 
tissues that the membrane transport of glucose was depressed rection was added, however, for the incomplete removal of extra- tio 
and that this step was limiting. Very recently, Kipnis et al. (7) cellular glucose in the preliminary wash-perfusion of the heart. no 

and Morgan et al. (8), working with intact muscle, found that This correction corresponded to the glucose content of a residual | 
phosphorylation was also inhibited. (not washed out) volume of 0.014 + 0.0009 ml per g. It was 7 
From the above observations, it has not been possible to make determined as follows. The heart was washed by perfusion in Kil 
any satisfactory evaluation of the rate-limiting steps and control the standard manner except that glucose-free buffer was em- col 
of glucose uptake in diabetic muscle. For this reason we have ployed. The perfusion was then shifted to a recirculating sys- ur 
undertaken a detailed study following the methods and principles tem containing 10 ml of fresh, glucose-free medium. After 5 col 
outlined in the preceding paper (9). The preparation employed minutes, the quantity of glucose in the medium was considered lea 
has been the isolated, perfused heart of alloxan diabetic rats. to be that which had not been removed in the original wash- val 
~« In the present work, we have determined the kinetics of the perfusion. This correction was of importance only in studies of the 
extracellular transfer, membrane transport, and phosphorylation muscle of diabetic animals in which the glucose concentration bec 
steps, and their relationship to each other during the process of of the blood was occasionally 20-fold higher than that of the pel 
glucose uptake. Observations have been made in the presence perfusate. 
and absence of added insulin and under aerobic and anaerobic . 
u 
no 
see 
was 
tra 


EXPERIMENTAL PROCEDURE 


Animals—All rats were of the Sprague-Dawley strain and not penetrate the ce!! membrane and has the same equilibrium calc 
weighed 250 to 400 g. They were maintained on Purina labora- distribution in the diabetic as in the normal heart (9). | = 
i | 


tory chow ad libitum and were fasted for 18 hours before they Table I shows that sorbitol reached more than 80% of its final 
were killed. Diabetes was induced by the rapid, intravenous distribution in the extracellular water (360 ul per g) within 30 — situ 
seconds. The rate of equilibration was essentially the same a Ba, 

* Supported by grants from the American Heart Association, that found in the normal heart (9) and suggested that the same ee 


the National Sci Foundation, and the United States Public 
Health calculations of glucose transfer could be applied. On this basis, 


+ Investigator, Howard Hughes Medical Institute. it was estimated that the extracellular transfer was so rapid as 
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to restrict glucose uptake by not more than 12%! even at glucose 
concentrations as low as 40 mg per 100 ml at which transfer would 
be maximally limiting in the present experiments. 

The distribution of glucose appeared to follow that of sorbitol 
as would be expected with rapid transfer relative to transport 
into the cell. The apparent drop in glucose space between 1 and 
30 minutes is not statistically significant. 

Glucose Transport and Phosphorylation under Aerobic Condi- 
tions—Since extracellular transfer could be disregarded as an 
important rate-limiting step, it was then possible to analyze 
glucose uptake in the diabetic heart in terms of the kinetics of 
the transport and phosphorylation steps. For this purpose, 
glucose uptake and intracellular free glucose were determined at 
several perfusate glucose concentrations. The results are shown 
in Table II. 

In the absence of insulin, glucose uptake was depressed to 
about 35% of normal at all perfusate concentrations. These 
rates could be taken as approximately equal to inward transport, 
since the intracellular free glucose concentration remained low. 
It was apparent that inward transport as a function of external 
glucose concentration conformed to Michaelis-Menten kinetics 
(Fig. 1). The apparent K,, was 88 mg per 100 ml (5 x 10-3 m) 
and the V max Was 4.5 mg per g per hour. When allowance was 
made for low rates of back transport, as will be described (12), 
the K, and Vmax could be corrected upward to 109 mg per 100 
ml and 6.9 mg per g per hour, respectively. The A, value ob- 
tained in normal hearts under these conditions was 157 mg per 
100 ml, and the V max was 18.4 mg per g per hour (12). When 
insulin was added, glucose uptake was significantly stimulated. 
Compared to the normal insulin-treated heart, however, the rates 
remained depressed, particularly at the low perfusate concentra- 
tions. Free intracellular glucose was found in all cases, so that 
no direct evaluation could be made of inward transport kinetics 
beyond the obvious conclusion that the rates were increased. 

In the absence of insulin, it was not possible to determine the 
kinetics of phosphorylation as a function of intracellular glucose 
concentration, since the latter remained too low for reliable meas- 
urement. In the presence of insulin, however, the kinetics 
could be evaluated as seen in Fig. 2. The apparent K,, was at 
least 74 mg per 100 ml, which was about 7 times the normal 
value, and the Vmax was 10 mg per g per hour. Whether or not 
the latter value was significantly below normal was uncertain 
because of technical difficulties in determining rates at high 
perfusate glucose concentrations.’ 

The faster phosphorylation rates in the insulin-treated tissue 
could be accounted for by higher intracellular concentrations of 
glucose. When these concentrations were taken into account, 
no more direct hormone effect was apparent. Thus it can be 
seen in Table II that phosphorylation without or with insulin 
was about the same at a comparable intracellular glucose concen- 
tration. It was furthermore apparent that phosphorylation was 


' Based on the resistance (R) for the large compartment (9), the 
capillary to interstitial concentration gradient for glucose was 
calculated to be 4.6 mg per 100 ml at the lowest perfusate concen- 
tration aerobically in the presence of insulin. From a plot of up- 
take rate against concentration (Table II), this change in con- 
centration would reduce uptake by about 12%. This was the 
situation in which extracellular transfer was most limiting. 
Based on observations in the normal heart, transfer under ana- 
erobic conditions was assumed to be so fast as to be limiting to no 
greater extent. 

* See footnote 2 in the preceding paper (9). 
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TABLE 


-Time course of sorbitol and glucose distribution in perfused hearts 
of diabetic rats 


The hearts were first perfused for 5 minutes with plain buffer 
without insulin. The perfusion was then shifted to buffer con- 
taining glucose (100 mg per 100 ml) and sorbitol-1-C™ (100 mg 
per 100 ml) and, at the times noted, the hearts were taken for 


analysis. The number of hearts is indicated by the figures in 
parentheses. ‘ 

Space 

Substance 
30 sec | 1 min | 30 min 

Sorbitol.......... 300 + 12* (5)} 346 + 2 (4)| 353 + 5 (16) 
Glucose.......... 298 + 25 (5)| 353 + 24 (4)) 286 + 27 (8) 


* Standard error. 


not restored to normal by the hormone in the 30-minute interval 
of these experiments. 

It was concluded from these experiments that both the trans- 
port and phosphorylation steps are impaired in the diabetic 
tissue and that both impairments contribute to the low glucose 
uptake. The balance between these steps and the extent to 
which each is rate-limiting will be discussed presently. 

Glucose Transport and Phosphorylation under Anaerobic Condi- 
tions—In the next experiments a similar study was made of 
transport and phosphorylation in the anoxic heart (Table II). 

Glucose uptake was markedly accelerated by anoxia at all 
perfusate concentrations. In the absence of insulin, the values 
for uptake indicated to a first approximation the rates of inward 
transport, since the intracellular glucose was very low. Exam- 
ination of the rates as a function of the external glucose concen- 
tration showed about a twofold increase over the control with 
a marked tendency to plateau at concentrations above 100 mg 
per 100 ml. This suggested, in other words, that the principal 
kinetic effect of anoxia was to lower the transport K,,. The 
Lineweaver-Burk plot of these data is shown in Fig. 1. 

The addition of insulin to the anoxic heart led to a striking 
further rise in uptake. This was associated with a large accelera- 
tion of inward transport which became so fast, in fact, that sub- 
stantial amounts of free glucose accumulated inside the cell at 
high perfusate concentrations, despite more rapid phosphoryla- 
tion. It was not possible to evaluate the kinetic changes in 
transport in further detail. With regard to phosphorylation, 
the rise in intracellular glucose secondary to transport accelera- 
tion undoubtedly accounted in large part for the increase in rate 
in the insulin series. Whether the hormone had any more direct 
effect on phosphorylation could not be determined, since a com- 
parison of rates at equal intracellular glucose concentration was 
not possible. 

The kinetic effect of anoxia per se on phosphorylation could 
be seen by comparison of the anaerobic and aerobic data obtained 
in the presence of added insulin (Fig. 2). With anoxia, the 
phosphorylation rate approached a high plateau at intracellular 
glucose concentrations much below those of the aerobic series. 
It could be concluded, therefore, that anoxia had lowered the 
phosphorylation K,, and had probably increased the V max. 

Reversibility of Effects of Anoxia—As shown in Table III, 
restoration of oxygen reversed the effects of anoxia on glucose 
uptake and phosphorylation. All experiments were carried out 
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TaBLeE II 
Effect of insulin and anoxia on uptake, intracellular accumulation, and phosphorylation of glucose in isolated, perfused heart of diabetic rats . 
Perfusions were carried out for 30 minutes in all cases. The volume of medium was adjusted so that at least 20% of the glucose a 
disappeared. The extracellular (sorbitol) space was taken to be 360 + 10 wl per g (9) under aerobic conditions and 430 + 10 ul per g o 
under anaerobic conditions. The glucose space and intracellular concentration were calculated on the basis of the final perfusate 0 
concentration. Insulin was added in a concentration of 100 milliunits per ml where indicated. Anoxia was induced by perfusion t} 
during the preliminary washout and subsequent test periods with buffer equilibrated with N2-CO2 (95:5). The number of hearts 
tested is given by the figure in parentheses. : 
Perfusate glucose Glucose uptake Glucose phosphorylation 
Perfusions Insulin added ears Glucose space Intracellular glucose Per cent . 
Initial | Final Rate of Rate of or 
normal? normal? ti 
mg/100 ml | mge/g/hr % pl/g mg/100 ml mg/g/hr % 
Aerobic 50 | 39 0 1740.2 (7) | 45° 283 + 23 n.d.¢ 1.7+4 0.2 tr 
100 85 0 2.0+0.3 (8) 34% 286 + 27 n.d. 2.0 + 0.3 W 
200 | 167 0 3.140.5 (7) | 37° 384 + 22 15 + 15 3.1 + 0.5 si 
400 363 0 3.6+0.5 (8) 35° 395 + 13 39 + 19 3.6 + 0.5 tl 
50 37 + 2.9 + 0.2 (18) 33> 523 + 20 184+ 3 2.5 + 0.2 26° in 
100 73 + 4.3 + 0.5 (14) 33° 577 + 11 497 + 3 4.1+0.5 | 34° su 
200 144 + 6.4+0.5 (8) 52° 560 + 20 894 + 10 5.8+0.5 | 44° in 
400 312 + 9.2+0.8 (8) 63° 588 + 15 2204 + 17 7.7+0.8 | 55° . 
el 
Anaerobic 50 26 0 43+0.6 (5) 38° 254 + 21 n.d. 4.3 + 0.6 
100 49 0 6.0+0.5 (8) 40° 291 + 20 n.d. 6.0 + 0.5 
200 140 0 6.4+0.8 (8) 40° 382 + 10 n.d. 6.4 + 0.8 
400 308 0 6.4+0.8 (8) 37° 410 + 32 n.d. 6.4 + 0.8 
50 35 + 9.9+1.1 (7) 52° 363 + 34 n.d. 9.9 + 1.1 
100 82 + 14.1+ 0.6 (7) 67° 335 + 29 n.d. 14.1 + 0.6 
200 123 + 15.8 + 0.6 (8) 75° 527 + 11 417+ 6 15.5 + 0.6 79° 
400 253 + 16.8 + 0.7 (8) 82° 575 + 13 1254 + 14 16.0 + 0.7 | 81° 
* Comparisons have been made on the basis of values obtained with the normal heart at the corresponding perfusate concentration 
and oxygenation in the case of uptake and at the corresponding intracellular glucose concentrations in the case of phosphorylation (9). 
>’ » <0.01 versus corresponding normal control. tic 
¢n.d. = none detected. It was estimated that intracellular glucose would have been detected if the concentration had reached 10%  _iti 
of the perfusate concentration. See footnote 2 and associated discussion in the text of the preceding paper (9). (se 
4p <0.01 versus 0. 
120- by anoxia was found. The second group of hearts was similarly 
ee ei perfused under nitrogen and was then transferred to fresh me- 
vcd Sheen PI dium and incubated for 15 minutes further in oxygen. The | 
Be rates of uptake and phosphorylation were reduced in this period 
by about 50%. The inhibition of phosphorylation was apparent | } 
= 60- despite the marked rise in substrate concentration (intracellular ais 
free glucose). It was clear that this effect was due specifically i 
ft to oxygen and not to a nonspecific deterioration of the tissue, — eg 
~ psn since the third group of hearts incubated under nitrogen in both ~~ 
Hy ican periods showed no fall in rate. The reversal of the anaerobic — bs 
effect, however, was either incomplete or delayed, since the rates 
: were not reduced to as low a level as those found in hearts imeu- 
: : ; bated aerobically in both periods (Experiment 4). 
Fig. 1. Inward glucose transport in the diabetic heart as a 7 ° ; . 
function of the glucose plotted according Effect of Dnabetes and Insulin Transport of 1-Arabinose—In 
to Lineweaver and Burk (13). The curves are plotted by the Order to obtain further information regarding the effects of 
method of least squares from the values for glucose uptake, V, diabetes and insulin on the transport process, a study was made : 


shown in Table II and the corresponding mean glucose concentra- 
tions, S, for the experimental period. No insulin was present. 


with insulin added to obtain a high rate of glucose entry into 
the cell. In the first group, perfused for 15 minutes under nitro- 
gen, the characteristic stimulation of uptake and phosphorylation 


of the transport of L-arabinose. Since this pentose is not de- 
tectably metabolized by the muscle, it was possible to observe 4 
transport phenomena without the complication of intracellular =» _- 
phosphorylation. 1-Arabinose and glucose share the same trans st 
port system, as shown in earlier competition studies (14, 15). 

In the first experiments, net transport was estimated by the 


j 


the 
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extent of intracellular L-arabinose accumulation after a 10-min- 
ute period of perfusion (Table IV). In the normal heart without 
added insulin, transport was sufficiently rapid to bring the intra- 
cellular pentose concentration to 55% of that in the perfusate. 
On the other hand, transport in the diabetic heart was so slow 
that no intracellular sugar could be detected under the same 
conditions. The addition of insulin accelerated transport in 
both preparations. 

In the second experiments, the effects of diabetes and insulin 
on outward transport were observed (Fig. 3). By measuring 
outward transport, it was possible to estimate the rate as a func- 
tion of intracellular concentration under conditions in which the 
extracellular concentration remained very low; in other words, 
transport was unidirectional to a first approximation. In this 
way the magnitude of the hormone effect became more apparent, 
since the rates were not reduced by simultaneous transport in 
the opposite direction. 

Outward transport was an approximately linear function of 
intracellular concentration in both the normal and diabetic tis- 
sue. The rate was markedly reduced in the diabetic. Transport 
in the diabetic was relatively insensitive to insulin when this 
was added in a concentration of 0.1 milliunit per ml, which is 
close to a physiological concentration. Under these conditions, 


]=2 SE. 


GLUCOSE PHOSPHORYLATION 
MG./G./HR 
@ 


0 100 200 300 
INTRACELLULAR GLUCOSE 
MG./100 ML. 

Fic. 2. Glucose phosphorylation in the diabetic heart as a func- 
tion of intracellular glucose concentration. Glucose phosphoryla- 
tion is plotted at various mean internal glucose concentrations 
(see preceding paper (9), Fig. 5). The aerobic line has been 
plotted according to Michaelis-Menten kinetics with constants 
determined by a Lineweaver-Burk plot (13). 


TABLE III 


Reversibility of anaerobic effects on glucose uptake and 
phosphorylation in insulin-treated heart from 
diabetic rats 


The experiment is described in the text. All perfusions were 
carried out with a concentration of 100 mg of glucose per 100 ml 
and 100 milliunits of insulin per ml. The number of hearts in 
each group is indicated by the figure in parentheses. 


Es. ee Glucose phos- | Intracellular 

be Glucose uptake phorylation glucose 
0-15 min | 15-30 min 

mg/g/hr mg/g/hr mg 100 ml 

1 | N2-CO2* 13.5 + 0.4 (7))13.5 + 0.4) None de- 

tectedf 

2 | N2-CO2 | O2-CO2*) 6.4 + 0.7 (9)| 6.44 + 0.7] 28¢t + 5 

3 | | Ne-CO2*|15.1 + 0.7 (7))15.1 + 0.7) None de- 

tectedt 

4 | O2-CO2 | O2-CO.*| 3.2 + 0.3 (8)| 3.2 +0.3) 49 +3 


* All measurements were made in this period. 
t See Footnote c of Table II. 
tp <0.01 versus anaerobic control. 
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TaBLe IV 


Effect of insulin and alloxan diabetes on accumulation of L-arabinose 
tn isolated, perfused heart 


Hearts were perfused for 10 minutes at 37° with buffer contain- 
ing 200 mg of L-arabinose per 100 ml and no glucose. The t- 
arabinose space and intracellular concentration were calculated 
as described for glucose (9). Insulin was added, where indicated, 
in a concentration of 100 milliunits per ml. 


Intracellular 
Tissue Insulin t-Arabinose space 
equilibrium 
ul /g 
Normal.......... 0 538 + 15 (12) 55 + 6 
Normal.......... + 638* + 10 (10) 86 + 4 
Diabetic......... 0 360* + 18 (12) 0 + 6 
Diabetic......... + 553f + 11 (10) 60 + 5 


* p <0.01 versus normal control. 
Tt p <0.01 versus diabetic control or normal insulin. 


300 300 
AEROBIC ANOXIC 
ce 
= 
SS 100- 4 100 + 
= 2 
0 100 200 300 “0 100 200 300 
INTRACELLULAR L-ARABINOSE 
MG./100 ML. 


Fig. 3. The effect of diabetes and insulin on the outward trans- 
port of L-arabinose in the perfused heart under aerobic and anoxic 
conditions. The stippled bands represent the rate + standard 
error of normal hearts. The rates obtained with diabetic hearts 
are represented by solid lines. The concentration of insulin 
(milliunits per ml) is indicated by the number on either the line 
or stippled band. The number of hearts is given by the figure in 
parentheses. The heart was first allowed to accumulate intra- 
cellular pentose during a preliminary 20-minute perfusion with 
buffer containing 1500 mg of L-arabinose per 100 ml. Pentose- 
free buffer was then passed through the heart without recirculation 
for 5 minutes, a sufficient time to wash out 99% of the extra- 
cellular sugar as judged by the washout of sorbitol (9). Perfusion 
was then continued for 15 to 30 minutes with collection of the 
perfusate at 1- to 2-minute intervals. The pentose appearing in 
the collection vessels was assumed to come from the intracellular 
space. Intracellular L-arabinose concentrations at any point in 
the washout were estimated by summing the pentose contents of 
the subsequent perfusate collections together with any residual 
L-arabinose in the heart determined at the end of the experiment. 
Where indicated, insulin was present throughout the fill-up and 
washout perfusions. Anaerobic conditions were induced at the 
beginning of the washout. 


the hormone induced a substantial acceleration in the normal 
tissue,? but had only a marginal effect in the diabetic. With a 


3 When insulin was added at a concentration of 0.01 milliunit 
per ml, no acceleration of transport was observed even in the 
normal. This should not be taken as an estimate of insulin 
sensitivity, since no precautions were taken to prevent adsorp- 
tion of the hormone to glass, and longer periods of exposure to the 
hormone were not tested. 
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L-ARABINOSE PERMEABILITY 


MINUTES 


Fic. 4. Time course of insulin effect on the outward transport 
of t-arabinose in the normal and diabetic isolated heart. The 
units of permeability are wg of L-arabinose transported per minute 
per g of heart per 1.0 mg per 100 ml concentration gradient. The 
general procedure has been outlined under Fig. 3. In the case of 
the high insulin concentrations, the hormone was added 5 minutes 
after collection of perfusate was begun. The final points are 
taken from the data of Fig. 3. In the case of the low hormone 
concentration, the curve is a composite of three series of experi- 
ments separated from each other on the chart by broken lines. In 
the first series, insulin was added 5 minutes after collection of 
perfusate was begun. In the seéond series, insulin was added 15 
minutes before the collection, during the preliminary perfusion 
with t-arabinose. The third series is that shown in Fig. 3 in 
which insulin was present throughout the fill-up (20 minutes) and 
washout (5 minutes) perfusions. The number of hearts is indi- 
cated by the figure in parentheses. 
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EXTRACELLULAR GLUCOSE 
MG./i00 ML. 
Fic. 5. The extent to which transport limits glucose uptake in 


the diabetic heart. The curves have been calculated as described 
earlier (9). 


high concentration of insulin, however, the transport rate of the 
diabetic reached the same high level as the normal. The full 
acceleration obtained in these experiments (Fig. 3), as contrasted 
to those in Table IV, was explained by the longer period of ex- 
posure to the hormone. Experiments bearing on this point will 
be presented shortly. 

Effect of Anoxia on 1t-Arabinose Transport—The acceleratory 
effect of anoxia on the outward transport of L-arabinose was 
apparent (Fig. 3), although the rates in general did not remain 
directly proportional to intracellular concentration, as was the 
case under aerobic conditions. It could be estimated that anoxia 
approximately doubled the rate of outward transport in both 
normal and diabetic hearts. The addition of insulin to the nor- 
mal heart increased the rate further to about the same level as 
reached with insulin under aerobic conditions. With anoxia and 
insulin in the diabetic hearts, in a limited number of observations, 
the rate attained was not as high. 


Time Course of Insulin Effect—The outward transport tech. 
nique was particularly suitable for a study of the time course of 
the insulin effect, since the hormone could be added during the 
course of the washout perfusion and the onset and course of 
acceleration noted with some precision. The results are shown 
in Fig. 4. It was convenient in this case to express transport as 
a permeability in order to compensate for the effect of falling 
intracellular sugar concentrations during the course of the perfy- 
sion. This appeared justifiable in view of the linear relationship 
of concentration to rate already noted (Fig. 3). It can be seen 
that the first acceleration was observed in the normal or diabetic 
heart between 1 and 2 minutes after exposure to insulin. The 
initial rate of acceleration was about 0.11 permeability unit per 
minute in the normal, but was only 0.05 unit per minute in the 
diabetic. These experiments were carried out with a high con- 
centration of insulin. When a more physiological level of insulin 
was employed, the onset of the hormone effect in the normal was 
considerably delayed. 


DISCUSSION 


Since extracellular diffusion is very rapid, glucose uptake in 
the diabetic heart is principally limited by transport and phos- 
phorylation. The extent of limitation, or control of uptake by 
these two steps is diagrammed in Fig. 5. The curve marked no 
membrane shows the theoretical maximal uptake possible if the 
membrane were absent. The difference between this and the 


insulin or control curve shows the extent to which transport is . 


actually limiting. 

Under aerobic conditions in the absence of added insulin, 
transport is principally limiting (about 70%) at all external glu- 
cose concentrations. Depressed transport, therefore, is princi- 
pally responsible for the low uptake of the muscle from the un- 
treated diabetic animal. When insulin is added and transport 
is accelerated, phosphorylation becomes almost exclusively limit- 
ing at all glucose concentrations. The depression of phos- 
phorylation then accounts for the failure of uptake to rise to the 
same high level reached in the normal with hormone treatment. 
Under anaerobic conditions, both transport and phosphorylation 
are facilitated, but transport remains principally limiting in the 
absence of added insulin. In the presence of insulin, with further 
transport acceleration, phosphorylation becomes increasingly 
limiting and is exclusively so at high glucose concentrations. 

The conclusion that depressed transport constitutes the major 
block to glucose uptake in the muscle of the untreated diabetic 
is in agreement with earlier studies in the whole rat (5, 6, 16), 
isolated rat heart (8, 17), and diaphragm (7). The present work 
adds specific information regarding the pattern of transport 
kinetics. Thus it is apparent that the process follows Michaelis- 
Menten kinetics as in the normal, but the Vmax is markedly 
reduced. Whether or not the reduction in K,, is significant is un- 
certain in view of the limited number of observations and their 
scatter. 

A depression of glucose phosphorylation in muscle of the dia- 
betic rat has been suggested by Kipnis, Helmreich, and Cori (6) 
and by Kipnis (7) in studies of 2-deoxyglucose metabolism in 
the isolated diaphragm. More direct evidence has been supplied 
by Morgan et al. in the isolated heart (8). From the present 
work it appears that the most important change in phosphoryla- 
tion kinetics is a marked rise in the apparent K,. Thus it 
requires a much higher concentration of intracellular glucose to 
bring phosphorylation to the same rate in the diabetic as in the 
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normal tissue. Whether or not the phosphorylation capacity is 
significantly reduced is uncertain, since it was not technically 
possible to make measurements at sufficiently high glucose con- 
centrations. 

The effect of anoxia on glucose uptake in the diabetic muscle 
is similar to that observed previously in the normal muscle (9, 
10,18). The study of diabetic tissue, however, makes it possible 
to observe for the first time the pattern of inward transport 
kinetics under anaerobic conditions, since the transport rate does 
not exceed the phosphorylation capacity. It is clear that Mich- 
aelis-Menten kinetics persist, providing a further argument 
against the possibility that faster transport with anoxia results 
simply from a breakdown of membrane integrity (10, 15, 19). 
The principal kinetic effect of anoxia appears to be a lowering 
of the transport K,,, with little if any increase in maximal rate. 
As a consequence, higher transport rates are reached at low glu- 
cose concentrations. 

The anaerobic effect provides justification for regarding the 
phosphorylation system in the diabetic tissue as inhibited rather 
than as deficient in enzyme content, as has been suggested in the 
ease of the diabetic liver (20). For example, phosphorylation 
rates are obtained with anoxia plus insulin which are at least 80% 
of the rate in normal tissue under the same conditions. This 
result suggests that a nearly full complement of enzymes is 
present, but that these are not fully active under aerobic condi- 
tions. The formation or reactivation of an inhibitor is indicated 
by the rapid decrease in activity when oxygen is restored to the 
anaerobic tissue. A similar reversal of the anaerobic effect on 
transport has been described (10, 18). 

The inhibition of phosphorylation in diabetic muscle does not 
mean necessarily that hexokinase is inhibited directly by pitui- 
tary and adrenal factors which, in association with insulin de- 
ficiency, are known to be responsible for the inhibition of phos- 
phorylation in diabetic muscle (7, 8). The inhibition could be 
brought about indirectly, for example, by a change in the intra- 
cellular level of glucose 6-phosphate. Thus Crane and Sols (21) 
have shown that the activity of muscle hexokinase is reduced in 
the presence of glucose 6-phosphate. Evidence has been ob- 
tained in preliminary studies that the level of glucose 6-phosphate 
in diabetic muscle is above normal. Moreover, the concentra- 
tion is greatly reduced by anaerobiosis. 

The observations with L-arabinose are in agreement with the 
glucose data in showing reduced transport in the diabetic muscle 
and acceleration by insulin and anoxia. It is also clear that these 
agents affect transport in both the inward and outward direc- 
tions. From the pentose studies the following additional points 
are brought out. (a) At least 85% of the observed total range 
of transport rates is subject to insulin control. This can be 
appreciated if we take the rates in the diabetic control tissue as 
indicative of basal transport activity and rates in the normal 
insulin-treated heart as representative of maximal activity (Fig. 
3). It can be seen that transport with insulin is about 7 times 
faster. (b) Alloxan diabetes alters the response of transport to 
insulin stimulation. The process is less sensitive than normal 
to low levels of hormone (Fig. 3), and the time course of accelera- 
tion is slower (Fig. 4). (c) When physiological levels of insulin 


are employed, the onset of the effect is delayed even in the normal 
tissue. This point should be considered in any study of the 
insulin sensitivity of tissues and in assays for the hormone, since 
it suggests that the time of exposure may be of considerable im- 
(d) The acceleration of transport by anoxia (about 


portance. 
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twofold) is less than that by insulin and the effects are not 
additive (Fig. 3). (e) Insulin retains its effectiveness under 
anaerobic conditions. (f) The reduced rate in the diabetic tis-. 
sue is probably due only to a lack of insulin, since the rate in the 
diabetic can rise with full insulin treatment to about the same 
height reached in the normal tissue. Alternatively it would 
have to be supposed that the hormone induces the repair of some 
other deficiency in the transport system in the 15- to 20-minute 
period required to reach the maximal transport rate. ° 

It was noted that transport outward was directly proportional 
to pentose concentration under aerobic conditions. This linear 
relationship undoubtedly reflects the high transport K,, of L- 
arabinose (15) relative to the intracellular concentrations and 
does not necessarily imply a departure from Michaelis-Menten 
kinetics. The nonlinearity of transport under anaerobic condi- 
tions, particularly at low concentrations, is not understood. 


SUMMARY 


Glucose uptake and intracellular free glucose have been de- 
termined in the alloxan diabetic heart over a range of perfusate 
glucose concentrations. These determinations and measure- 
ments of L-arabinose transport have been made in the absence 
and presence of added insulin and under aerobic and anaerobic 
conditions. The following conclusions have been reached. 

1. Glucose uptake in the diabetic heart is limited principally 
by inward transport through the cell membrane. The rate of 
transport is markedly reduced. The addition of insulin in vitro 
accelerates transport to a rate as high as reached in normal tissue. 
Glucose uptake increases, but not the normal extent, since it 
becomes limited by phosphorylation which is markedly in- 
hibited. 

2. Anoxia accelerates glucose uptake by increasing the rates 
of both transport and phosphorylation. The effects of anoxia 
are rapidly reversed by restoration of aerobic conditions. 

3. Inward transport in the diabetic muscle as a function of 
external glucose concentration conforms to Michaelis-Menten 
kinetics. The apparent Vmax is markedly reduced relative to 
normal. Anoxia causes a lowering of the apparent K,, without 
any large change in the V max. 

4. The acceleration of transport by insulin in the diabetic tis- 
sue is slower than normal, and the process is relatively insensi- 
tive to physiological concentrations of thehormone. About 85% 
of the total observed range of transport rates is under insulin 
control. The stimulation of transport by anoxia is smaller in 
magnitude and is not additive to the hormone effect. Insulin 
retains its activity under anaerobic conditions. 

5. The apparent K,, for glucose phosphorylation (4.1 « 10-3 
M) in the diabetic muscle is at least 7 times higher than in the 
normal tissue. The Vmax is depressed. Insulin in vitro has no 
immediate, large effect on phosphorylation, whereas anoxia 
markedly reduces the K,, and increases the V max. 
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Glucose uptake by heart muscle is regulated by hormonal 
agents and other factors which alter the kinetics of the membrane 
transport or intracellular phosphorylation steps (1-3). A change 
in the kinetics of an individual step, however, is usually associ- 
ated with a much smaller alteration in glucose uptake. The 
discrepancy arises as a consequence of the interaction of trans- 
port and phosphorylation, both of which are nonlinear processes. 
It has appeared desirable, therefore, to present a scheme which 
describes the interaction of these processes in glucose uptake. 
This analysis appears to be consistent with the data on uptake 
obtained with the perfused hearts of normal and alloxan diabetic 
rats (2, 3). It also provides a basis for estimating the effect of 
insulin on transport kinetics. 


EXPERIMENTAL PROCEDURE 


The data on which this analysis is based were obtained in the 
preceding studies (2, 3) of aerobic glucose uptake by hearts from 
normal and alloxan diabetic rats. Some additional information 
is taken from studies of the transport of nonmetabolized sugars 
(4, 5). 

Premises of Analysis—1. In the steady state, the rates of 
glucose uptake, membrane net transport, and phosphorylation 
are equal. 

2. Extracellular diffusion of glucose from within the capillary 
to the muscle cells is not significantly rate-limiting for glucose 
uptake (2, 3). 

3. The kinetics of net transport through the muscle membrane 
is formulated as follows. JT = inward transport — outward 
transport or, 


G. 
P= (= + x) (= + z) a) 


where T is the rate of net transport, Tmax is the transport ca- 
pacity, K, is the apparent dissociation constant, G, is the con- 
centration of glucose on the outside and G; on the inside of 
the membrane. Thus net transport is the difference between 
independent and symmetrical inward and outward transport 
processes, each of which conforms to Michaelis-Menten kinetics. 
The justification for this formulation will be given in the discus- 
sion. 


ee Supported by grants from the National Institutes of Health, 
the National Science Foundation, and the American Heart As- 
sociation. 

t Investigator, the Howard Hughes Medical Institute. 


4. Phosphorylation is physiologically irreversible and con- 
forms to the following kinetics: 


G; 
P = Prax (= (2) 


where P is the rate of phosphorylation, Pmax the phosphorylation 
capacity, A, the apparent dissociation constant, and G; the 
intracellular glucose concentration. This kinetics is assumed 
not to be grossly affected aerobically by insulin in vitro as dis- 
cussed earlier (2, 3). 


RESULTS 


Interaction of Transport and Phosphorylation in Glucose Up- 
take—In order to demonstrate the interaction between transport 
and phosphorylation in glucose uptake, solutions of the equations 
for the individual processes have been plotted together against 
the common coordinates, glucose uptake (see Equation 1), and 
intracellular glucose concentration. Solutions of the transport 
equation are shown by the families of curves, concave upward, 
extending across Figs. 1 and 2. Each line represents a different 
external glucose concentration. The solid lines represent normal 
transport. The broken lines apply to transport stimulated by 
insulin. The constants employed are listed in Table I. The 
following example and discussion will assist in the interpretation 
of these curves. Taking the 400 mg per 100 ml curve of external 
concentration for the condition without added insulin, transport 
is greatest (13.2 mg per g per hour), at the intersection of this 
curve with the ordinate. At this point, the internal concentra- 
tion is 0 and net transport is equal to inward transport. Moving 
down to the curve to the right, net transport decreases as the 
internal concentration rises and outward transport increases. 
Net transport becomes 0 at the intersection with the abscissa 
where the external and internal concentrations are equal. 

Solutions of the phosphorylation equation are shown by the 
heavy line, convex upward, in each of the figures. 

In the steady state of glucose uptake, the internal concentra- 
tion of glucose must satisfy simultaneously the kinetics of both 
the transport and phosphorylation steps. Consequently, the 
steady state operational point of the system for any external 
glucose concentration is found at the intersection of the phos- 
phorylation curve with the appropriate transport curve. For 
example, in Fig. 1, at an external glucose concentration of 400 
mg per 100 ml, the operational point is found at the intersection 
of the phosphorylation curve with the “G, 400” curve. For the 
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GLUCOSE UPTAKE, MG/G/HR 


0 
0 00 200 300 400 S00 600 700 800 
INTRACELLULAR GLUCOSE (Gj) MG/100 ML 


Fic. 1. The interaction of transport and phosphorylation in 
the control of glucose uptake by the normal heart. Transport 
without added insulin is shown by the solid lines and with added 
insulin by the broken lines. G, is the external glucose concentra- 
tion. (See text for further explanation of the figure.) The trans- 
port function has been plotted by selecting a given value for G, 
and a succession of values for G; and solving Equation 1 for 
glucose uptake (net transport). The constants used are given in 
Table I. The phosphorylation curve fits Equation 2 when the 
constants in Table I are inserted. 


PHOSPHORYLATION 


GLUCOSE UPTAKE MG/G/HR 


100 200 300 400 500 600 700 600 
INTRACELLULAR GLUCOSE (Gj) MG /I00 ML e 

Fic. 2. The interaction of transport and phosphorylation in the 
control of glucose uptake by the diabetic heart. Transport with- 
out added insulin is shown by the solid lines and with added in- 
sulin by the broken lines. G, is the external concentration. (See 
text for further explanation of the figures.) The transport and 
phosphorylation curves in the absence of added insulin (solid 
lines) have been plotted as in Fig. 1. The constants are given in 
Table I. 


condition without insulin, this intersection occurs at an internal 
concentration of about 25 mg per 100 ml and at an uptake rate of 
about 10.6 mg per g per hour. 


DISCUSSION 


Justification of Transport Kinetics—The equation for mem- 
brane transport in muscle is the same as that developed earlier 
(6-10) for erythrocytes. The formulation is supported by the 
following considerations. (a) Inward transport in muscle con- 
forms to Michaelis-Menten kinetics (2, 3) and the apparent 
K,, in muscle is about the same as in the erythrocyte.! (0) 
Competition between p-glucose, p-galactose, p-3-O-methy]l- 
glucose, p-xylose, and L-arabinose has been shown in both tissues 
with the same order of competitive prowess among the different 
sugars (1, 4-6, 10-12). (c) The time curves for the intracellular 
accumulation of a nonmetabolized sugar, 3-O-methylglucose, at 
various external concentrations are predicted by this transport 
kinetics (13). (d) The efflux of labeled L-arabinose from the 
heart cell is uninfluenced by the presence of the pentose externally 


1A value of 4.0 + 0.24 mm for the human erythrocyte has been 
reported (7) and a value of about 5 mm was found in the rabbit 


erythrocyte (9). 
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TABLE I 


Kinetic constants for transport and phosphorylation of 
glucose in isolated perfused rat heart 


The constants for phosphorylation, Kp, and Pmax, were obtained 
experimentally as indicated in the preceding papers (2, 3). e 

A first approximation of the K: and 7'max for transport inward 
without added insulin was made directly from the glucose uptake 
data as described (2). These values were then corrected as fo]- 
lows. The intracellular free glucose was too low to be measured 
directly in these experiments, but was assumed to be the con. 
centration necessary to maintain the observed rate of phos- 
phorylation in accordance with the curves observed in the pres- 
ence of insulin. This mean intracellular concentration was then 
used to calculate the rate of outward transport, substituting the 
first approximation constants for inward transport in the ap. 
propriate equation (see Equation 1). This rate was added to the 
observed inward rate to give a closer estimate of the true inward 
transport. A; and Tmax values were then obtained from a Line. 
weaver-Burk plot of these corrected rates as a function of the 
external concentration. 

The membrane constants in the presence of added insulin were 
calculated from the data obtained with both normal and diabetic 
hearts. No obvious differences could be observed between the 
two groups, and studies of L-arabinose transport (4, 5, 13) have 
also indicated that transport is the same in normal and diabetic 
tissues after full insulin treatment. Eight values for net trans- 
port were available at known extra- and intracellular glucose 
concentrations. These values were substituted, and the trans- 
port equation was solved for Tmax with various arbitrary values 
for the K;. The K;: was chosen which gave the most consistent 
value for Tmax. The best K; by this criterion gave 7'max values 
ranging from 62 to 101 with a mean and standard error of 88 + 5 
mg per g per hour. K, values below 400 or above 600 mg per 100 
ml led to an obvious tendency for the Tmax values to vary sys- 
tematically with G,. 


Transport Phosphorylation 
Condition of muscle 
Kr Tmax Kp Pmax 
mg/100 ml| mg/g/hr |mg/100 mi mg/g/hr 
157 18.4 9.7 14.5 
Normal + insulin.............| 500 90.0 9.7 14.5 
Diabetic + insulin............ 500 90.0 74 10.0 


(13). (e) Transport against a concentration gradient can be 
induced by counter flow of a competitor sugar in the opposite 
direction (4, 13). 
that transport is a reversible process and support the assumption 
that the kinetics is about the same in both directions. They 
provide evidence, furthermore, for a membrane carrier mecha- 
nism which is generally regarded as the most satisfactory expla- 
nation of transport in the erythrocyte (10). 

The assumption that insulin-stimulated transport follows this 
kinetics is supported by the finding that stereospecificity is 
preserved, as shown by competition between sugars (4). Fur- 
thermore, no paths are opened for free diffusion of sugars, since 
sorbitol does not penetrate the cells (2). The process appears to 
remain symmetrical, since the magnitude of the hormone effect 
appears to be about the same on transport into or out of the cell 
(3-5). 

Correspondence of Scheme with Available Data—The degree to 


The last three observations in particular show — 


which these diagrams are consistent with the available data is — 
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EXTERNAL GLUCOSE, MG/100 ML 


Fic. 3. Comparison of predicted and observed values for 
glucose uptake and internal glucose in the perfused, normal heart 
at various external glucose concentrations. The predicted glucose 
uptake is shown by the curves in the left and middle panels and 
the observed uptake (+2 standard error) by the corresponding 
open circles (O). In the panel to the right, predicted internal 
(intracellular) glucose concentrations are indicated by the curves 
and observed values (+2 standard error) by open circles (O) for 
the control and by closed circles (@) for the insulin-treated tis- 
sues. The curves for predicted uptake and internal glucose con- 
centration are plotted by determining the operational points as 
read off a large-scale version of Fig. 1. The data for observed 
uptake are those for the steady state; that is, they are the phos- 
phorylation rates listed in the preceding paper (2). The observed 
internal glucose concentrations are the mean concentrations for 
the experimental period described under Fig. 5 in the first paper 
(2) of this series. 
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EXTERNAL GLUCOSE, MG./100 ML. 


Fic. 4. Comparison of predicted and observed values for glu- 
cose uptake and internal glucose in the perfused, diabetic heart 
at various external glucose concentrations. The figure is plotted 
as described for Fig. 3. Predicted uptakes and internal glucose 
concentrations are taken from Fig. 2; observed uptakes and intra- 
cellular concentrations are taken from the preceding paper (3). 


illustrated in Figs. 3 and 4. 
good.? 

Effect of Insulin on Transport Kinetics—From the present 
analysis, insulin appears to increase the K, of transport in the 
diabetic by a factor of about 5 and the 7T'mex by a factor of about 
13. The magnitude of this effect is not apparent in the usual 
studies of sugar uptake or accumulation. 


It can be seen that the agreement is 


*The ‘“‘observed”’ intracellular glucose concentrations for the 
control experiments are negative in a number of cases. This is 
interpreted to mean simply that the internal glucose is too low to 
be determined by this method. Negative values arise principally 
from an inability to stop tissue glucose utilization with sufficient 
rapidity at the end of the perfusion, leading to an error which is 
particularly apparent when the perfusate and tissue concentra- 
tions are low. These points and other uncertainties involved in 
the estimation of intracellular glucose concentrations are de- 
scribed in footnote 2 of the first paper of this series (2). 
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General Implications of Nonlinear Kinetics—The present 
scheme is useful in the way in which it exposes unexpected con- 
sequences of nonlinearity in the interaction between transport 
and phosphorylation. In the absence of insulin it can be seen 
that saturation of transport renders high perfusate glucose con- 
centrations relatively ineffective in increasing uptake. In the 
presence of insulin, saturation of phosphorylation has a similar 
effect. 

The nonlinearity of the transport and phosphorylation steps 
makes low levels of intracellular glucose unexpectedly important 
for the control of glucose uptake. In the absence of insulin, 
transport is quite sensitive to small changes in internal glucose 
concentration (Fig. 1), particularly when the external glucose 
concentration is high. Phosphorylation rates are also very 
sensitive to changes in low levels of intracellular glucose. It 
can therefore be appreciated that an agent which alters the ki- 
netics of one step can markedly influence the rate of the other 
step by inducing a small change in intracellular glucose. Such 
changes might not be thought significant if the nonlinearity of 
the kinetics were not appreciated. In the presence of insulin, 
when the transport kinetics are more linear in the physiological 
range of glucose concentrations, uptake is less sensitive to intra- 
cellular concentration. 


SUMMARY 


1. An analysis of the kinetics of glucose uptake by the isolated, 
perfused rat heart is presented. Uptake is regulated by the 
combined operation of membrane transport and intracellular 
phosphorylation. Transport is reversible and symmetrical, 
whereas phosphorylation is physiologically irreversible. Both 
processes follow Michaelis - Menten kinetics. Interaction of 
these processes is described graphically for hearts from normal 
and diabetic rats. 

2. From this graph the operational point for glucose uptake 
can be determined for any external glucose concentration. The 
operational point determines the rate of uptake and the intra- 
cellular glucose concentration which satisfy the kinetic require- 
ments of transport and phosphorylation simultaneously. The 
rates and concentrations predicted by the analysis are shown to 
be consistent with those determined experimentally. 

3. The analysis provides a means of estimating semi-quanti- 
tatively the kinetic constants for transport in the normal and 
diabetic muscle. The analysis also suggests that insulin may 
induce about a fivefold rise in the apparent Michaelis dissocia- 
tion constant of transport and a 13-fold rise in the transport 
capacity. | 

4. The analysis may provide a useful framework in which the 
complex problems of uptake regulation by hormones and other 
agents affecting the transport and phosphorylation processes 
may be better understood. 
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In earlier studies with the isolated rat diaphragm, the uptake 
of glucose was found to be unchanged (1, 2) or increased (3-5) 
after hypophysectomy. However, Steele e¢ al. (6) have recently 
measured the turnover of glucose in the hypophysectomized dog 
and found subnormal rates of glucose utilization. The lack of 
correspondence between these observations has led us to investi- 
gate in more detail the effects of hypophysectomy on the uptake 
of glucose by muscle in vitro. For this purpose, we have em- 
ployed the perfused, isolated rat heart. 

The present analysis of glucose uptake is based on concepts 
set forth in detail in earlier studies (7, 8). These studies have 
shown that extracellular transfer (diffusion) in the heart is very 
fast and that uptake is significantly limited only by glucose 
transport and phosphorylation. Transport is principally limit- 
ing when the rate is low relative to the capacity for intracellular 
phosphorylation. Under these conditions, the glucose which 
enters the cell is rapidly phosphorylated and the concentration 
of intracellular free sugar remains very low. On the other hand, 
when transport is accelerated, the concentration of free glucose 
in the cell rises, and phosphorylation may become principally 
limiting. 

With the above considerations in mind, glucose uptake by the 
heart from hypophysectomized rats has been measured at various 
external perfusate glucose concentrations with and without in- 
sulin. The extent to which transport or phosphorylation is 
limiting has been evaluated. The kinetics of transport and 
phosphorylation as a function of glucose concentration have been 
determined and are compared with the normal. Transport has 
also been measured with L-arabinose, which is not metabolized 
but which is transported by the glucose system (9). The sensi- 
tivity of uptake and transport to insulin has been reinvestigated. 
In general, the findings correlate well with observations in the 
intact animal (6) and suggest re-evaluation of earlier results in 
vitro. 


EXPERIMENTAL PROCEDURE 


Animals—Rats of the Sprague-Dawley strain, weighing 200 to 
250 g, were maintained on Purina laboratory chow ad libitum 
and were fasted for 18 hours before they were killed. 

Hypophysectomized rats were purchased from the Hormone 
Assay Laboratories, Chicago, Illinois, and were used 2 to 4 weeks 


* Supported by grants from the American Heart Association, 
the National Science Foundation, the United States Public 
Health Service, the Middle Tennessee Heart Association, and Eli 
Lilly and Company. 
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after operation. They were maintained on Purina laboratory 
chow ad libitum and were fasted for 18 hours before they were 
killed. 

Perfusion of Hearts—The hearts were rapidly excised from 
animals killed by decapitation and were perfused at 37° with 
Krebs-Henseleit bicarbonate buffer containing glucose as de- 
scribed previously (7). The usual period of perfusion was 30 
minutes. The stability of glucose uptake during this period 
was reasonably satisfactory as shown by determinations made 
in successive 15-minute periods (see Table I). 

Materials—The materials employed have been listed earlier 
(7). 

Analytical Procedures and Calculations—The analytical proce- 
dures and calculations have been described previously (7, 10). 

The extracellular space of the heart from hypophysectomized 
rats under the present conditions of perfusion was shown earlier 
to be 351 + 9 wl per g of wet weight (7). 


RESULTS 


Glucose Uptake without and with Added Insulin—The glucose 
uptake by hearts of hypophysectomized rats at various perfusate 
glucose concentrations is shown in Table II. The results were 
less uniform than those obtained earlier in studies with normal 
or diabetic tissue (7, 12), presumably because of a greater in- 
stability of the hypophysectomized preparation (see below) and 
the technical difficulty of measuring low rates of glucose uptake 
in relatively small hearts. 

Despite this variability, the following conclusions could be 
drawn. In the absence of added insulin, the rates of uptake rose 
nonlinearly toward an upper limiting rate with increasing per- 
fusate glucose concentrations. At comparable concentrations, 
the rates were always lower than those of normal hearts. On 
the average, the uptake was reduced by about 30%. Transport 
was the major limiting step for uptake throughout the concen- 
tration range tested. This was apparent from the fact that the 
intracellular concentration of free glucose remained low,! indicat- 
ing that transport was slow relative to the capacity for phos- 
phorylation. Since transport was limiting, it could be concluded 
that depressed transport was the primary cause of the low uptake. 

When insulin was added, glucose uptake was markedly stimu- 
lated and reached the same level obtained in normal hearts. 
This stimulation was due to acceleration of transport, since this 


1 It was estimated that levels of intracellular glucose below 10% 
of the perfusate concentration could not be detected by the 
present method. See footnote 2 in the first paper (7) of this 
series. 
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TABLE [ 


Glucose uptake by heart from hypophysectomized rats during two 
successive 15-minute pertods of perfusion 

Hearts were perfused with buffer containing 150 mg per 100 ml 
of glucose. No insulin was added. Samples of perfusate were 
withdrawn at 15 and 30 minutes for estimation of glucose disap- 
pearance. The concentrations shown are the mean values for the 
test period. The number of hearts tested is given by the figure 
in parentheses. 


Time of perfusion Perfusate glucose Glucose uptake 


min mg/100 ml mg/g/hr 
0-15 136 | 6.3 + 0.7* 6) 
15-30 118 | 70+0.5 6) 


* Standard error of the mean. 


step had been limiting in the absence of the hormone. Transport 
acceleration was apparent, furthermore, from the large accumula- 
tion of intracellular free glucose which occurred at all but the 
lowest perfusate concentrations. The magnitude of the insulin 
effect could be evaluated only in’those experiments with a per- 
fusate glucose concentration of 50 mg per 100 ml where trans- 
port was limiting in both the control and insulin-treated tissue. 
It can be seen that about a fivefold acceleration was produced. 
At higher concentrations, with free glucose in the cells and trans- 
port in both directions, the extent of acceleration could not be 
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estimated. Under these conditions, phosphorylation became 
the major limiting step for uptake. 

In the presence of insulin, where phosphorylation rates could 
be determined at measurable intracellular glucose concentrations, 
it was found that the rates after hypophysectomy were the same 
as in the normal. 

Kinetics of Inward Transport—Since inward transport was 
limiting for uptake in the absence of insulin, the kinetics of in- 
ward transport as a function of glucose concentration could be 
determined from the rate of uptake at various perfusate concen- 
trations. These data have been plotted in Fig. 1. The pattern 
suggested that inward transport conformed to Michaelis-Menten 
kinetics as found earlier in normal and diabetic muscle. The 
apparent AK, was estimated to be about 128 mg per 100 ml (7 x 
10-3 m) and the V max, 9.3 mg per g per hour. When these values 
were corrected for low rates of back transport by the procedure 
described earlier (8), the A, and V max values obtained were 140 
mg per 100 ml and 11.6 mg per g per hour, respectively. This 
K,, was the same as found in normal hearts, but the V,,, was 
reduced by about 35%. 

Kinetics of Phosphorylation—The kinetics of phosphorylation 
for the insulin series were of the expected Michaelis-Menten 
type. The apparent K,, and Vmax values could be roughly es- 
timated to be 29 mg per 100 ml and 15.7 mg per g per hour 
respectively. These values were not grossly different from 


normal. 


TABLE II 


Effect of insulin on uptake, intracellular accumulation, and phosphorylation of glucose in isolated perfused heart of 
hypophysectomized rats 


Perfusions were carried out for either 30 or 45 minutes.. The glucose space and intracellular concentration were calculated on the 


basis of the final perfusate concentration. 
ber of hearts tested is given by the figure in parentheses. 


Insulin was added in a concentration of 100 milliunits per ml where indicated. The nunm- 


Perfusate glucose Glucose uptake Glucose phosphorylation 
Insulin added Glucose space Intracellular glucose 
Initial Final Rate st Rate 
mg/100 ml meg/g/hr ul/g mg/100 ml me/g/hr 

8 6 0 0.7 + 0.1° (4) 88 n.d. °¢ 

15 12 0 1.4+ 0.2 (16) 94 293 + 15 n.d. 1.4+ 0.2 

49 38 0 2.1 + 0.2 (15) 574 14454 7 n.d. 2.1 + 0.2 

101 71 0 4.9+ 0.3 (12) 85 2244+ 5 n.d. 49+ 0.3 

148 117 0 5.9 + 0.3 (18) 82 295 + 9 n.d. 5.9 + 0.3 

232 207 ¢ 0 45+0.6 (6) 514 317 + 10 n.d. 4.5 + 0.6 

299 264 ¢ 0 5.1 + 0.3 (20) 53 4 298 + 7 n.d. 5.1 + 0.3 

409 381 ¢ 0 5.6 + 0.4 (8) 534 327 + 4 n.d. 5.6 + 0.4 

517 435 ¢ 0 8.8+ 0.5 (8) 80 417 + 23 83 + 32 8.4 + 0.5 

602 541 ¢ 0 8.7 + 0.8 (13) 77 329 + 5 n.d. 8.7 + 0.8 

49 25 + 10.0+ 0.5 (8) 1304 293 + 44 n.d. 10.0 + 0.5 

151 83 + 11.9+ 0.8 (9) 100 530 + 18 43/4 65 11.6 + 0.8 93 
301 178 + 144.3+ 0.6 (7) 101 601 + 12 1294+ 8 13.6 + 0.6 99 
440 329 + 13.1 + 0.5 (12) 86 611 + 12 248/ + 14 11.8 + 0.5 84 
517 360 + 17.9+0.5 (6) 116 597 + 8 256/ + 13 16.8 + 0.6 119 
591 472 + 17.2 + 0.6 (12) 109 620 + 16 368/ + 25 15.0 + 0.7 106 


« Comparisons have been made on the basis of values obtained with the normal heart at the corresponding perfusate concentration 
in the case of uptake and at the corresponding intracellular glucose concentration in the case of phosphorylation (7, 8). 


>’ Standard error. 
‘n.d. = none detected. See footnote 1. 
4p <0.01 versus the corresponding normal control. 


¢ The change between the initial and final perfusate concentrations is less than the desired minimum of 20%. 


Sp <0.01 versus 0. 
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Fic. 1. Inward glucose transport in hearts from hypophysec- 
tomized rats as a function of the external glucose concentration, 
plotted according to Lineweaver and Burk (11). The line is 
plotted by the method of least squares from the values for glucose 
uptake, V (mg per g per hour), and the corresponding mean 
perfusate glucose concentration, S (mg per 100 ml), for the ex- 
perimental period. No insulin was present. 


Effect of Hypophysectomy and Insulin on Transport of 1-Arab- 
inose—In order to obtain further information regarding the effect 
of hypophysectomy on the transport process, perfusions were 
carried out with L-arabinose, which is not metabolized but is 
transported by the same system as glucose (9). 

In the experiments of Table III, the intracellular accumulation 
of t-arabinose was measured after a 10-minute period of perfu- 
sion. Since this estimated net transport, it was important to 
avoid comparisons close to the final equilibrium L-arabinose space 
of about 700 ul per g.2 Furthermore, these measurements mini- 
mized effects on the rates of unidirectional transport since, in our 
experience, all factors influencing the rate inward also affect the 
rate outward. Each experimental group was compared with 
concurrent controls. Such a comparison was necessary, since 
accumulation varied with different groups of rats. 

As seen in Table III (lines 1 and 5), transport of L-arabi- 
nose in the normal heart without added insulin brought the 
intracellular concentration to approximately 55% of the final 
equilibrium value. On the other hand, in muscle from the hypo- 
physectomized rat, the intracellular concentration reached only 
23 to 39% in the same period of time. The addition of a high 
concentration of insulin (100 milliunits per ml) accelerated trans- 
port in both preparations and brought the intracellular concen- 
tration so close to final equilibrium that any differences in re- 
sponse could not be detected. 

It was shown in previous studies (12) that the onset of trans- 
port acceleration in the normal tissue is considerably delayed 
when a lower, more physiological concentration of insulin is used. 
In confirmation of this observation, the addition of 0.1 milliunit 
per ml of insulin caused no acceleration of transport within a 
10-minute period in the present normal series (line 6). On 
the other hand, this concentration of hormone produced a large 
effect in the heart from hypophysectomized animals, indicating 
a greater sensitivity to the hormone. 

Although the transport of glucose appeared to be stable for 
30 minutes, as noted earlier, perfusion in the absence of exogenous 
substrate resulted in a marked acceleration of L-arabinose trans- 
port with time. This was shown in an experiment in which the 
accumulation of pentose was measured after a preliminary per- 
fusion for 25 minutes with substrate-free buffer (Table III). The 
intracellular concentration of arabinose reached 90% of equilib- 
rium, whereas in control hearts tested immediately after removal 


*Studies to be reported elsewhere indicated that L-arabinose 
distributes in only 75% of the intracellular water with or without 
added insulin. 
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from the animal, it reached only 59%. Furthermore, instability 
of the transport rate even in the control group was evident from 
the range of values observed in the three groups of hypophysecto- 
mized control hearts (lines 3, 7, and 10). 

In our earliest experiments with hearts from hypophysecto- 
mized rats, we measured the transport of L-arabinose in the 
outward direction. By this technique, it was possible to esti- 
mate the rate as a function of intracellular concentration under 
conditions in which the process was unidirectional to a first ap- 
proximation. The method, however, required a preliminary 
perfusion without substrate for about 25 minutes, and we were 
not then aware of the rise in transport rate induced by this pro- 
cedure. 

Two groups of hearts were tested in this manner (Fig. 2): 
group A has been reported earlier (13, 14) and group B is a 
repetition of the same experiment. The rates obtained in the 
two groups were significantly different from each other, but both 
were faster than the normal controls. This acceleration of trans- 
port is now thought to have been caused by the preliminary per- 
fusion without substrate and not to be indicative of the transport 
rate of the heart in situ. In the presence of insulin, transport 
rates were greatly accelerated and were about equal to those of 
the normal group under the same conditions. These rates were 


TaB.eE III 
Effect of hypophysectomy and insulin on transport of L-arabinose 
in tsolated, perfused heart 

Hearts were perfused for 10 minutes at 37° with buffer contain- 
ing 200 mg per 100 ml of L-arabinose and no glucose. Intracellu- 
lar L-arabinose was calculated by the following formula: 
[L-arabinose space — extracellular space] 
[(0.75) (total water — extracellular space) ] 


Per cent equilibrium ¥ 
concentration 


The extracellular volume was taken to be 360 + 10 ul per g in 
the normal heart and 351 + 9 ul per g in the heart from hypophy- 
sectomized animals. The figure 0.75 is the apparent volume of 
intracellular water available for pentose distribution. The 
number of hearts tested is given by the figure in parentheses. 


Intracellu- 
L-ara- 
binose 
Condition of donor animal Insulin t-Arabinose space per cent 
of equilib- 
rium con- 
centration 
0 538 + 15 (12) 55 
Hypophysectomized.... .. 0 431* + 11 (11) 23 
Hypophysectomized...... 100 632, + 7 (8) 81 
0 544 + 7 (6) 57 
Hypophysectomized...... 0 486* + 17 (8) 39 
Hypophysectomized...... 0.1 663 + 9 (8) 90 
Hypophysectomized...... 
0-10 min............... 0 553 + 25 (8) 59 
25-30 min.............. 0 662 + 12 (11) 90 


* » <0.01 versus normal, no insulin. 

t p <0.01 versus hypophysectomized, no insulin. 

tp <0.01 versus hypophysectomized, no insulin, 0 to 10 min- 
utes. 


me 
ld 
ns, | 
me | 
ras | 
in- | 0 
be | 
Pn- 
ern 
en 
he 
x | 
ues | 
ref 
140 
his 
ion 
| 
om 
the | 
of | 
| 


276 Regulation of Glucose Uptake in Muscle. IV 


4007 
300- 
== = : 
= 

Po 2 
= 

100- 

pr 


0 100 200 300 400 500 
INTRACELLULAR L-ARABINOSE 
MG/i00 ML. 

Fig. 2. The effect of hypophysectomy and insulin on the out- 
ward transport of L-arabinose. The technique employed for 
measurement of outward transport has been described (see Fig. 
3 reference (12)). The experiments in group ‘‘A’’ were performed 
between January and July, 1958; ‘those in group ‘‘B’’ were per- 
formed between March and October, 1959. Hypex = hypophysec- 
tomized. The stippled bands, the width of which indicates two 
standard errors, show the rates obtained in comparable experi- 
ments with hearts from normal animals (12). 


presumably maximal and were not therefore susceptible to the 
increases seen in the absence of added insulin. 
DISCUSSION 

The control of glucose uptake in the heart from the hypophy- 
sectomized rat may be compared to that in the normal as follows. 
In the absence of added insulin, transport is the principal limit- 
ing step in both preparations. Transport, however, is reduced 
after hypophysectomy, and glucose uptake is therefore depressed. 
Whether or not the kinetics of phosphorylation are affected by 
hypophysectomy could not be evaluated, since the intracellular 
glucose concentrations were too low to be measured. With addi- 
tion of insulin, transport is accelerated to about the same level 
in both preparations and becomes so fast that uptake is limited 
principally by phosphorylation, particularly at high external 
glucose concentrations. The kinetics of phosphorylation after 
hypophysectomy under these conditions are found to be the 
same as in the normal. 

A low level of endogenous insulin secretion can account in part 
or perhaps completely for the depressed transport rate in the 
muscle of the hypophysectomized rat. The heart in vitro pre- 
sumably contains bound insulin in an amount related to the level 
of the hormone in the plasma when the tissue is removed. A 
low level of circulating insulin would be anticipated on the basis 
of diminished glucose production (6) and lower blood sugar con- 
centrations. Assays of blood insulin-like activity also suggest 
that the hormone concentration is low (15). The absence of 
growth hormone may also contribute to the low rate of transport, 
since this substance can have an acceleratory effect under certain 
conditions, as will be discussed in a paper to follow (16). There 
appears to be no deficiency of other elements of the transport 
system, since insulin can raise the rate to the same level reached 
by the normal muscle (Table III and Fig. 2). 

In earlier studies with the isolated diaphragm, Krahl and Park 
(3) failed to find an increased sensitivity of the muscle to insulin 
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after hypophysectomy. Subsequently, however, increased sep- 
sitivity was demonstrated by Stadie et al. (17) and more recently 
by Manchester, Randle, and Young (5). The present studies, 
which we regard as more closely related to the physiological] 
state, have also shown an increased sensitivity. This was 
characterized by a rapid response to a low level of insulin. It 
should be noted, however, that normal tissue may show an equal 
response, provided the time of exposure is increased (12). The 
increased sensitivity is in accord with the observations of Wall] 
et al. (18) that utilization of glucose in the hypophysectomized 
dog is increased to a greater than normal extent by a small dose 
of insulin. These authors and others (19) have also stressed the 
impairment of glucose production as another very important 
factor in the insulin hypersensitivity of the whole animal. 

The studies of Steele et al. (6) have shown that the utilization 
of glucose is reduced in the hypophysectomized dog. Their ex- 
periments were carried out with minimal disturbance to the 
animal and appear more reliable than earlier studies with intact 
or eviscerated animals in which the experimental procedures 
themselves could have produced changes in hormone balance. 
Steele et al. noted that hypophysectomy was followed by a fall 
in blood glucose from about 110 to 90 mg per 100 ml, which in 
itself would be expected to cause some reduction in utilization 
by muscle. By extrapolation from our studies of glucose uptake 
in normal muscle as a function of concentration (7), this fall in 
concentration would not lead to more than about a 10% reduc- 
tion, whereas about a 30% decrease was observed. Therefore, 
the low rates found by Steele et al. probably involve an actual 
impairment of peripheral glucose uptake. 

The present studies with the isolated heart are in accord with 
this suggestion. At any given glucose concentration, glucose 
uptake is reduced by about 30% after hypophysectomy of the 
animal, and if associated with a fall in blood glucose concentra- 
tion as noted above, the utilization would be reduced by about 
40°. These observations in the whole animal and isolated 
heart are also supported by the recent studies of Kipnis (20), 
who found a reduced uptake and transport of 2-deoxyglucose in 
the “intact’”’ isolated diaphragm of the hypophysectomized rat. 
2-Deoxyglucose is presumably transported by the glucose system. 

The question arises as to why elevated rates of uptake by the 
isolated diaphragm after hypophysectomy were found earlier in 
several laboratories (1, 3-5). It would appear likely that these 
rates were artificially high for two reasons. First, “cut’’ dia- 
phragm preparations were used, and the transport step was there- 
fore tosome extent bypassed. This point is supported by Kipnis’ 
studies (20), in which the cut diaphragm of hypophysectomized 
rats gave higher than normal rates of 2-deoxyglucose uptake and 
the “intact”? muscle lower than normal rates. Second, transport 
appears to be relatively unstable after hypophysectomy in our 
experience, and the combination of mechanical trauma, leakage 
through cut edges, and loss of intrinsic capillary circulation may 
be sufficient to induce high rates. In this connection, it was 
noted that perfusion without substrate induced a marked in- 
crease in transport in the heart, and previous studies with the 
diaphragm have shown that preliminary chilling (21), anoxia 
(22), and metabolic poisons (22) raise uptake rates even in tissue 
from normal animals. 

Russell (23) and Park? found that glucose utilization by the 
eviscerated, hypophysectomized rat was faster than by the 


3 Unpublished results. 
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eviscerated normal rat. The discrepancy between these results 
and those of Steele et al. (6) and the present findings can be 
explained in several ways. Perhaps most likely is the considera- 
tion that the “normal” eviscerated rat is, in fact, an acutely 
diabetic preparation as a result of the loss of the pancreas and 
activation of the pituitary-adrenal system by the operative 
stress. Thus, uptake of glucose in the “normal”? may be 
markedly depressed, whereas the hypophysectomized prepara- 
tion cannot respond to stress, and the rate appears high by com- 
n. 

It would thus appear that the earlier demonstrations of in- 
creased glucose utilization by muscle tissues in vitro after hypo- 
physectomy are open to serious objections. When these objec- 
tions are in part avoided, lower than normal rates are obtained, 
as in Kipnis’ studies (20) and those reported here. These 
findings may resolve the previous discrepancies between measure- 
ments in vitro and in vivo. 


SUMMARY 


1. The uptake of glucose by the isolated rat heart, perfused 
over a wide range of glucose concentrations, is reduced to about 
70% of normal after hypophysectomy of the animal. 

2. This reduction is due to a diminished rate of membrane 
glucose transport. Inward transport is the predominantly rate- 
limiting step for glucose uptake at external glucose concentrations 
up to 600 mg per 100 ml. The process appears to follow Mich- 
aelis-Menten kinetics with an apparent K,, of about 140 mg per 
100 ml (8 X 10-* m) and Vmax of 11.6 mg per g of heart per 
hour. The K,, is the same as in normal hearts, but the V max is 
reduced by 35%. Reduced transport (and uptake) is thought 
to result principally from a reduced level of insulin, secondary 
to a lack of pituitary growth hormone. 

3. Transport is accelerated markedly by insulin. The process 
is more sensitive than normal to physiological concentrations of 
the hormone. With full insulin stimulation, the rate rises to the 
level reached in normal muscle. 

4. In the presence of insulin, phosphorylation becomes the 
major limiting step for glucose uptake, particularly at external 
concentrations above 100 mg per 100 ml. Phosphorylation as a 


function of intracellular concentration under these conditions 
has an apparent K,,, of about 1.6 * 10-* mM and a Vmax of 16 mg 
per g per hour, values which are not significantly different from 
normal. 
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5. The reduction in glucose uptake and the increase in insulin 
sensitivity in isolated muscle after hypophysectomy are in accord 
with the findings in the intact, hypophysectomized dog. 
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The Role of Glycolysis in the Growth of Tumor Cells 


I. EFFECTS OF OXAMIC ACID ON THE METABOLISM OF EHRLICH ASCITES TUMOR CELLS 
IN VITRO* 


JOHN PAPACONSTANTINOUT AND SipnNEY P. CotowicKxt 


From the McCollum-Pratt Institute, The Johns Hopkins University, Baltimore, Maryland 


(Received for publication, June 2, 1960) 


It is now well known that tumor tissues, either in the form of 
solid tumors or as ascites cells, have a high rate of aerobic and 
anaerobic glycolysis. A theory on the origin of the tumor cell 
as proposed by Warburg (1, 2) states that a normal cell becomes 
malignant as the result of impairment to its respiratory processes. 
Warburg has stated (1, 2) that in order for these cells to survive 
they must derive the energy that was once provided by respira- 
tion from other metabolic processes. Thus, he proposes that the 
increased rate of glycolysis in the tumor cell serves to provide 
energy for its survival. However, it has never been shown ex- 
perimentally that tumor cells are dependent on glycolysis for 
survival. In the experiments to be reported, we have sought to 
establish conditions in which the glycolysis of tumor cells is 
specifically inhibited, whereas the respiration of the cells remains 
unaffected. These experiments were based on the view that 
glycolysis can be inhibited specifically only by inhibition of lactic 
dehydrogenase, since the latter is the only enzyme of the Emb- 
den-Meyerhof pathway of glycolysis which plays no role in the 
oxidation of carbohydrate via pyruvic acid. 

Schwert et al. (3-6) have shown that, of a series of compounds 
structurally related to pyruvic acid, oxamic acid (H2N-CO- 
COOH) is the most potent competitive inhibitor of crystalline 
beef heart lactic dehydrogenase. The present experiments were 
designed to test whether oxamic acid could also inhibit lactic 
dehydrogenase in the intact Ehrlich ascites tumor cell and 
whether it is a specific inhibitor of this enzyme in the intact cell. 
The effect of the inhibition of lactic dehydrogenase on anaerobic 
glycolysis, aerobic glycolysis, oxygen uptake, and the Crabtree 
effect is reported below. A preliminary account of this work has 
appeared (7). Other studies of oxamate effects on glycolysis 


have also appeared (8, 9). 


EXPERIMENTAL PROCEDURE 


Chemicals—Potassium oxamate was generously donated by 
Dr. George Schwert. Other samples of potassium or sodium 
oxamate were prepared by partial ammonolysis of diethyl oxalate 
(10), followed by hydrolysis of the ethyl oxamate with potassium 
or sodium hydroxide and crystallization from ethanol. Sodium 


* Contribution No. 307 of the McCollum-Pratt Institute, The 
Johns Hopkins University. This work was aided by a grant from 
the United States Public Health Service. : 

t+ Submitted in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy in Biology, The Johns Hopkins 
University, Baltimore, Maryland. Present address, Department 
of Microbiology, The Johns Hopkins University School of Medi- 
cine, Baltimore 5, Maryland. 

t Present address, Department of Microbiology, Vanderbilt 
University School of Medicine, Nashville 5, Tennessee. 
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pyruvate was obtained from the Mann Research Laboratories, 
Inc. Heparin was obtained from the California Corporation for 
Biochemical Research. Zinc dl-lactate, used as a standard for 
lactic acid determinations, was prepared according to the method 
of Carmien and Dunn (11); DPNH was made according to the 
enzymatic method of Rafter and Colowick (12), and was stored 
as the barium salt. Before use, the barium salt was converted 
to the sodium salt. The DPN was obtained from the Pabst 
Laboratories, and in later experiments, the sodium salt of DPNH 
was also obtained from this company. 

Manometric Studies—Anaerobic glycolysis and _ respiration 
experiments were done in the conventional Warburg respirom- 
eter. Anaerobic conditions were obtained by gassing the ma- 
nometer flasks with a mixture of 95% N2-5% COs for 10 minutes 
during the initial incubation period at 37°. 

Aerobic glycolysis studies were done both manometrically and 
colorimetrically. The manometric method is based on the 
assumption that the difference in respiration in bicarbonate buffer 
and in phosphate buffer is negligible. The manometric experi- 
ments were done by the use of a three-flask technique. Flasks 1 
and 2 contained Krebs-Ringer phosphate buffer, pH 7.4, with 
and without KOH in the center well, and were used to measure 
oxygen uptake and respiratory CO: evolution, respectively, ac- 
cording to the direct method of Warburg (13). The third flask 
contained Krebs-Ringer bicarbonate buffer, pH 7.4, and was 
gassed with 95% O2-5% COs for 10 minutes during the initial 
incubation period. The pressure changes in the third flask are 
due to O2 uptake, the evolution of respiratory COz, and CO, 
liberation by lactic acid production, so that the latter value may 
be calculated by difference. The manometric method of meas- 
uring aerobic glycolysis was confirmed by the colorimetric meas- 
urement of lactic acid by the method of Barker and Summerson 
(14). 

Since the resultant pressure change in flask 2, due to oxygen 
uptake and respiratory CO2 evolution, is very close to zero, it is 
assumed that this is also the case in flask 3 and that the large 
positive pressure observed in flask 3 is almost completely due to 
CO: evolution by lactic acid production. Therefore, the degree 
of aerobic glycolysis can be calculated from the uncorrected 
resultant pressure changes in flask 3 alone (15). This one-flask 
method was used for following the time course of aerobic glycoly- 
sis in most experiments. 

Preparation of Whole Cells for Glycolysis and Respiration Stud- 
tes—Both male and female Swiss Albino mice (Albino Farms, 
Redbank, New Jersey) were used to carry the Ehrlich ascites 
tumor cells. The original supply of Ehrlich ascites tumor cells 
was generously donated by Dr. Abraham Goldin and Dr. Morris 
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Belkin of the National Institutes of Health. Other strains of 
ascites cells obtained from these laboratories were S-37, Hepa- 
toma-137, Hepatoma-P, Krebs-2, and SH-60. The tumor cells 
were propagated, harvested, and washed free of red blood cells 
with 0.9% NaCl solution in the usual manner (16). After 
washing, the cells were centrifuged at 600 x g in a calibrated 
12-ml centrifuge tube, to determine the packed cell volume, and 
resuspended in 3 times their volume of Krebs-Ringer bicarbonate 
buffer or Krebs-Ringer phosphate buffer. The cells were then 
uniformly resuspended in a loosely fitting TenBroeck homoge- 
nizer. The cells are resistant to breakage even by a closely 
fitting homogenizer of this type. 

Preparation of Ascites Tumor Cell Mitochondria—The tumor 
cells were washed free of red blood cells with 0.9% NaCl solution 
as above. However, before determining the packed cell volume, 
the cells were washed three times in 0.25 m sucrose at 0-3°. The 
cells were then resuspended in 4.5 times their packed cell volume 
with 0.25 m sucrose and disintegrated in the ball-type ground 
glass homogenizer described by Dounce e¢ al. (17). The homog- 
enate was centrifuged at 600 X g for 5 minutes in a refrigerated 
centrifuge to eliminate the unbroken cells, nuclei, and other 
large particles. The supernatant, containing mitochondria and 
microsomes, was centrifuged at 8,500 x g for 10 minutes. The 
supernatant was discarded and the mitochondria were washed 
twice by suspending them in 5 to 10 ml of 0.25 m sucrose and 
centrifuging at 12,000 x g for 10 minutes. The washed mito- 
chondria were then resuspended in 1.5 times their packed cell 
volume with 0.25 m sucrose, in a loosely fitting TenBroeck ho- 
mogenizer. 

LDH Measurements—The crystalline rabbit muscle LDH! and 
beef heart LDH used in the kinetic studies were obtained from 
the Worthington Biochemical Corporation. The Ehrlich ascites 
tumor LDH used in the kinetic studies was obtained from a 
homogenate of the tumor cells. The homogenate was prepared 
by suspending the cells in 3 times their volume of 0.9% NaCl and 
subjecting them to sonic vibration for 10 minutes at 0.9 amperes 
in a Raytheon 10 ke model DF101 magnetostrictive oscillator. 
The homogenate was then centrifuged for 30 minutes at 1,600 x 
g in the International refrigerated centrifuge. 

The kinetic studies on rabbit muscle, beef heart, and Ehrlich 
ascites tumor LDH were made with a Beckman model DU 
spectrophotometer. ‘The initial rate of reaction was determined 
by following the rate of disappearance of DPNH at 340 mu during 
the first minute. 

Pyruvic acid was determined by enzymatic techniques. By 
the use of p-lactic dehydrogenase from Leuconostoc mesenteroides, 
which was found by us to be relatively insensitive to oxamic acid 
inhibition, pyruvic acid was determined by following the extent 
of disappearance of DPNH at 340 mu in the Beckman model DU 
spectrophotometer. The p-lactic dehydrogenase used was an 
ammonium sulfate fraction kindly donated by Dr. Don Dennis. 

The glucose determinations were made by the method of 
Nelson (18). 


RESULTS 


Effect of Potassium Oxamate on LDH from Various Sources— 
The ability of varying concentrations of potassium oxamate at a 
given pyruvate concentration to inhibit the enzymatic activity 
of rabbit muscle, beef heart, and Ehrlich ascites tumor LDH is 
shown in the curves in Fig. 1. A kinetic analysis of the inhibi- 


1 The abbreviation used is: LDH, lactic dehydrogenase. 
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® RABBIT MUSCLE LDH 
© BEEF HEART LOH 
4 EHRLICH ASCITES TUMOR LOH 


PYRUVATE 


lOO F 


INHIBITION 
© 


O 


O 
MOLAR CONC. OF K- OXAMATE x 1074 


Fig. 1. The effect of potassium oxamate on rabbit muscle, beef 
heart, and Ehrlich ascites tumor LDH. The reaction mixture 
contains 0.1 Mm potassium phosphate buffer, pH 7.4; potassium ox- 
amate; 3.3 X 10-‘ Mm sodium pyruvate; and DPNH,- 0.14 mg per 
ml. The final concentration of crystalline beef heart and rabbit 
muscle LDH was 0.2 ug per ml. The final dilution of the tumor 
cell extract was 1:1200. 


RABBIT MUSCLE] EHRLICH ASCITES BEEF HEART 
TUMOR 
X 10-3 Vmax 71.67 X 10-3 
Km = 3.02 x 1074 2.12 x1074 
x10"4 K, = 5.63x 1075 4 
(t)=1x 1073 =1x1073 Vmax 9.81074 
2 Ky=t.37 x1074 
= K, = 3.74x 1075 
-I> (1) =1x1073 
-3 
= X M 


Fig. 2. The competitive inhibition of rabbit muscle, beef heart, 
and Ehrlich ascites tumor LDH by potassium oxamate. Condi- 
tions are the same as in Fig. 1. 


tion of these enzymes by potassium oxamate at varying pyruvate 
concentrations is shown in Fig. 2. ? 

Schwert et al. (3-6) have shown that potassium oxamate is a 
competitive inhibitor of crystalline beef heart LDH. The data 
shown in Fig. 2 confirm the observations of Schwert et al. and 
show that potassium oxamate is also a competitive inhibitor of 
rabbit muscle and Ehrlich ascites tumor LDH. From the data 
shown in Figs. 1 and 2, it can also be concluded that the beef 
heart and ascites tumor enzymes are equally sensitive to oxamate, 
whereas the rabbit muscle enzyme is somewhat less sensitive. A 
survey of the effect of oxamate on the LDH from S-37, Hepa- 
toma-137, Hepatoma-P, Krebs-2, and SH-60 ascites cells, under 
the same conditions as for Fig. 1, showed that the sensitivity of 
LDH of these different types of tumors lies in the same range of 
oxamate concentration as the LDH from the above mentioned 
sources. The effect of oxamate on the p-lactic dehydrogenase 
from L. mesenteroides was also studied under the same conditions 
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Fig. 3. A. The effect of varying concentrations of potassium 
oxamate on aerobic and anaerobic glycolysis of Ehrlich ascites 
tumor cells. The anaerobic glycolysis system was composed of 
0.5 ml of cell suspension (1:4 dilution), 0.2 ml of 0.3 m glucose and 
was made up to 3.0 ml with Krebs-Ringer bicarbonate buffer, pH 
7.4, and varying concentrations of potassium oxamate (0.154 o). 
The glucose was tipped in from the side arm to start the reaction 
after a 10-minute period of equilibration with the gas phase at 
37°. In experiments in which potassium oxamate was not used, 
KCl (0.154 mM) was added. The anaerobic conditions were 95% 
N2-5% COz. The percentage of inhibition is based on initial rates 
of glycolysis. The aerobic glycolysis system was the same as the 
anaerobic system except the flasks were gassed with 95% O2-5% 
CO:. All experiments were carried out at 37°. The percentage 
of inhibition is based on the colorimetric determination of lactic 
acid after a 90-minute incubation period. B. The effect of potas- 
sium oxamate on the aerobic glycolysis of Ehrlich ascites tumor 
cells incubated at 37° in Krebs-Ringer phosphate buffer, pH 7.4, 
and in Krebs-Ringer bicarbonate buffer, pH 7.4. 


and it was found that this enzyme is very much less sensitive to 
oxamate inhibition than the mammalian lactic dehydrogenases. 
The p-lactic dehydrogenase was found to be inhibited 50% by 
7 X 10-* m oxamate. This concentration of oxamate is 100 
times greater than the concentration giving 50% inhibition of 
Ehrlich ascites tumor LDH under the conditions in Fig. 1. 

Inasmuch as Ehrlich ascites tumor cells were found to be less 
contaminated with red blood cells than the other tumor strains 
examined, these ascites cells were chosen to study the effect of 
oxamate on the glycolysis of the whole cell. 

Oxamate Effects on Anaerolnc and Aerobic Glycolysis of Ehrlich 
Ascites Tumor Cells—The effect of varying concentrations of 
potassium oxamate on anaerobic and aerobic glycolysis was 
studied, and the data from these experiments are shown in Fig. 3. 
It was found that a concentration of 8 X 10-3 mM oxamate gives 
50% inhibition of the initial rate of glycolysis under anaerobic 
conditions. Aerobic glycolysis was found to be equally sensi- 
tive to inhibition by potassium oxamate. This is shown also in 
Table I, in which the colorimetric and manometric methods 
are compared. The corrected manometric results (three-flask 
method) agree well with the colorimetric results. It may be 
seen that even the uncorrected manometric results (one-flask 
method) reflect accurately the effect of oxamate on aerobic 


glycolysis. 
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A comparison of the data presented in Fig. 1 for the ascites 
tumor LDH and in Fig. 3A for the intact ascites cells shows that 
the cells are 100 times less sensitive to oxamate than the ex- 
tracted LDH under the conditions selected. For possible ex- 
planations for this difference in sensitivity, see ‘‘Discussion.” 
It should also be noted that the sensitivity of the intact cells 
varies with the incubation medium. Oxamate is less effective as 
an inhibitor of aerobic glycolysis in Krebs-Ringer phosphate 
buffer than in Krebs-Ringer bicarbonate buffer (Fig. 3B). 

It was found that there is a tendency toward reversal of oxa- 
mate inhibition with time under anaerobic conditions. The 
recovery from inhibition, shown in the anaerobic glycolysis 
curves in Fig. 4, is more obvious in the presence of the lower 
concentration of oxamate (1 10-7? m). 

The results from the aerobic glycolysis studies are also shown 
in Fig. 4. Aerobic glycolysis is shown here to be just as sensi- 
tive to oxamate inhibition as anaerobic glycolysis, in agreement 
with the results in Fig. 34. The aerobic glycolysis data shown 
in Fig. 4 indicate that there is no recovery from oxamate inhibi- 
tion with time, in contrast to the results found under anaerobic 
conditions. The recovery of anaerobic glycolysis from oxamate 
inhibition could be explained by either of the following phe- 
nomena: 

1. Potassium oxamate may be metabolized by the cells. 


TABLE I 
Effect of oxamate on aerobic glycolysis of Ehrlich ascites cells 
A comparison of the colorimetric and manometric methods of 
lactic acid determination. The lactic acid was produced by Ehr- 
lich ascites tumor cells in Krebs-Ringer bicarbonate buffer, pH 
7.4, 37°, under aerobic conditions (95% 02-5% COz2). 


Lactic acid production 
Oxamate concentration 
M pmoles/ml/90 min 
0 8.16 7.92 7.19 
0.01 3.08 3.14 2.77 
800 
ANAEROBIC 7 AEROBIC 
7TOOF 
“CONTROL 
600} / 
® 
/ (1]=10°2M CONTROL 
7 
(11=1072M 
@ 
100 
0 (=4x1072M 


10 30 50 70 90 110 10 30 50 70 90 110 
TIME IN MINUTES 


Fic. 4. Time course of oxamate effect on anaerobic and aerobic 
glycolysis by Ehrlich ascites tumor cells. The pressure changes 
due to lactic acid production in Krebs-Ringer bicarbonate buffer, 
pH 7.4, were measured under aerobic and anaerobic conditions. 
The anaerobic glycolysis experiment shows the recovery from 0x- 
amate inhibition. The data for aerobic glycolysis (one-flask 
method) are uncorrected for the relatively small pressure changes 
due to respiratory oxygen uptake and CO: evolution. The ex- 
perimental conditions are the same as described in Fig. 3. 
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2. The inhibition of LDH may cause an accumulation of 
pyruvic acid under anaerobic conditions. Since oxamate is a 
competitive inhibitor of LDH the accumulation of pyruvate 
would therefore, cause a reversal of the oxamate inhibition. 
Aerobically, pyruvate would not accumulate, since it would be 
removed by the pyruvic oxidase system. 

The first possibility was ruled out in two ways: (a) Preincu- 
bation of oxamate with the cell suspension anaerobically for 90 
minutes before addition of glucose resulted in no loss in the ef- 
fectiveness of the oxamate as an inhibitor of glycolysis. (6) 
Analysis for oxamate in the complete system after anaerobic 
recovery from inhibition showed that no oxamate had disap- 

ared. Oxamate was determined in neutralized trichloroacetic 
acid filtrates by measuring its inhibitory effect on beef heart 
LDH. 

It was concluded from these studies that oxamate is not de- 
stroyed by the Ehrlich ascites tumor cells. Experiments were 
performed, therefore, to determine whether there is any pyruvic 
acid accumulation in the presence of oxamate during anaerobic 
and aerobic glycolysis under the conditions described in Fig. 4. 
The data in Table II show the correlation between oxamate 
concentration and the amount of pyruvate accumulation an- 
aerobically. The higher concentrations of oxamate were found 
to cause a greater inhibition of lactic acid production and a 
greater accumulation of pyruvic acid. In the absence of oxamate 
there was a 4-fold increase in pyruvate, whereas when oxamate 
was present, there was a 10-fold increase in pyruvate content 
during the course of incubation anaerobically, thereby account- 
ing readily for the reversal of inhibition with time. 

Table II also shows that pyruvic acid does not accumulate 
under aerobic conditions in the presence of oxamate. These 
data are in agreement with the conclusions drawn from the time 
course of inhibition of aerobic glycolysis (Fig. 4), which gave 
no indication of a pyruvate accumulation. The fact that there 
was ho pyruvate accumulation under aerobic conditions indicates 
indirectly that pyruvic oxidase is not strongly inhibited by po- 
tassium oxamate. To test directly whether oxamate will in- 
hibit pyruvic oxidase, the following experiment was performed. 


TABLE II 


Accumulation of pyruvic acid under aerobic and anaerobic conditions 
by Ehrlich ascites tumor cells in presence of potassium oxramate 
The cells were incubated in Krebs-Ringer bicarbonate buffer. 

Experimental conditions were as in Fig. 4. Pyruvic acid was 

determined in filtrates after fixing cells plus medium with tri- 

chloracetic acid. 


Pyruvic acid concentration 
Anaerobic Aerobic 
0 min 90 min 0 min 90 min 
M M X 105* mM X 105* 
0 2.4 9.8 5.6 3.5 
0.02 1.7 14.4 
0.04 2.5 25.4 5.6 3.7 


*Concentration expressed on assumption that pyruvate is 
distributed equally through medium and cell water. Since 0.125 
ml of packed cells was used per 3 ml of reaction mixture, these 
values must be multiplied by 24 if all of the pyruvate is assumed 
to be intracellular. 
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TABLE III 


Effect of potassium oxamate on pyruvic oxidase of 
Ehrlich ascites tumor mitochondria 

The reaction mixture in Experiment 1 was composed of 0.2 ml 
of MgCle, 0.1 mM; 0.1 ml of malate, 0.007 m; 0.1 ml of DPN, 10 mg 
per ml; 0.3 ml of sodium pyruvate, 0.1 m; 0.1 ml of 5’-AMP, 0.03 
M; 1.7 ml of mitochondria, 0.2 ml of potassium oxamate, 0.154 m; 
and potassium phosphate buffer, 0.1 m, pH 7.4, to give a final 
volume of 3 ml. In Experiments 2 and 3, 0.1 ml of 5’-AMP, 0.01 
M, and 1.2 ml of mitochondria were used. The temperature was 
37° for Experiments 1 and 2, and 30° for Experiment 3. 


Oxygen uptake 
Experiment | "Concentration 
No oxamate Oxamate (1 10-?m) 
= pl/30 min 
1 0.01 130 140 
2 0.0067 63.9 71.3 
3 0.001 61.4 50.2 
© ENDOGENOUS 
300 4 GLUCOSE + OXAMATE 
° GLUCOSE 
= 
200 
150 
= 
100 
50 


0 
O 20 40 60 80 100 
TIME IN MINUTES 


Fic. 5. The Crabtree effect and its reversal by oxamate. The 
cells were suspended in Krebs-Ringer phosphate buffer, pH 7.4. 
Glucose concentration, 0.02 M; potassium oxamate, 0.041 m. 


Effect of Potassium Oxamate on Pyruvic Oxidase in Ehrlich 
Ascites Tumor Cell Mitochondria—The oxygen uptake data 
shown in Table III indicate there is little or no effect of oxamate 
on pyruvic oxidase. The data in Fig. 1 have shown that LDH 
from Ehrlich ascites tumor homogenate is inhibited 50% by 
8 10-5 m oxamate, with 3.3 10-4m pyruvate. At the lowest 
concentration of pyruvate used in the mitochondrial experi- 
ments (1 xX 10-* m) there is only 18% inhibition of pyruvic 
oxidase with 1 x 10-? mM oxamate. It was concluded from these 
experiments, therefore, that pyruvic oxidase is relatively in- 
sensitive to oxamate inhibition in comparison to LDH. That 
oxamate has little or no inhibitory effect on oxidative metabolism 
is substantiated by the studies in the following section. 

Oxamate Effects on Respiration of Ehrlich Ascites Tumor Cells— 
In 1929, Crabtree (19) showed that tumor cells, in the presence 
of glucose, fructose, or mannose, have a rate of respiration lower 
than the endogenous. This phenomenon, now well known as 
the Crabtree effect, and reported by many laboratories (20-22), 
is illustrated in Fig. 5. However, in the presence of potassium 
oxamate and glucose, it was found that the cells could respire 
at the endogenous rate, 7.e. oxamate (4 X 10-? mM) was found to 
cause a complete reversal of the Crabtree effect. 
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simultaneously in the presence and in the absence of oxamate. ae 

The data shown in Table IV indicate that glucose uptake and 

o ENDOGENOUS RESP lactic acid production are inhibited by oxamate, and that ox. “in 

AEROBIC GLYCOLYSIS amate reverses the Crabtree effect. The inhibition of glucose 

ro) IN PHOSPHATE utilization was found to vary from 39 to 42%, and lactic acid 93° 

= nea formation was inhibited by 68 to 72%. It can be seen that an 

S within each individual experiment it was consistently observed sai 

oO that the percentage of inhibition of lactic acid formation is greater rels 

rs than the percentage of inhibition of glucose uptake. However, int 

when expressed in micromoles, the inhibition of glucose uptake 

iil is essentially equal to the inhibition of lactate formation. It ‘ : 
should be noted that these data are for the phosphate buffer “ 

medium, in which oxamate is relatively ineffective as an inhibitor. a 

Carbon balances have also been calculated from the glucose 

5 uptake, lactic acid production, and oxygen uptake data. For rey 

2 «4 a See 8 9 purposes of calculation, it is assumed that all oxygen taken up eit 

MOLAR CONC. x 107 is used for glucose oxidation to CO2 and HzO. It can be seen | 7y, 

Fic. 6. The effect of varying concentrations of potassium ox- from these balances that in the absence of oxamate, the amount - 
amate on the endogenous respiration, the Crabtree effect, and of glucose going to lactic acid varies from 60 to 70%. Also, fort 
aerobic glycolysis of Ehrlich ascites tumor cells in Krebs-Ringer the amount of glucose unaccounted for either by lactic acid or * 
phosphate buffer. | by oxygen uptake in the absence of oxamate ranges from 14 to ni 
TABLE IV 30%. to | 

Glucose uptake, lactic acid production, and oxygen The carbon balances for the utilization of glucose in the pres- k 

uptake by Ehrlich ascites tumor cells os of oxamate show that the percentage of glucose utilized Ext 

The initial glucose concentration was 10 umoles per ml; potas- which goes to lactic acid is significantly less and that the percent- col 
sium oxamate concentration was 40 umoles per ml. The cells ge Of glucose utilized that remains unaccounted for is greater. sens 
were incubated in Krebs-Ringer phosphate buffer, pH 7.4, and This phenomenon is considered further in the discussion. | 
DISCUSSION 
Oxamate Glucose | BCCOunted for from | ose unac. «Specificity of Oxamate as Inhibitor of LDH—Attempts have 
ie inacikoindhii counted for been made in these experiments to demonstrate the specificity ‘ie 
valida of oxamate for inhibition of LDH. Because of the similarity i 

M |umoles/| |umoles/| in structure between oxamate and pyruvate, it is necessary to 
consider the possibility that oxamate could affect other enzyme acai 
0 4.78 | 3.46 | 72.4 | 0.22 | 4.6] 1.10 | 23. . inas 
4X 107 20 1.11 | 55.5 | 0.28 | 14.0| 0.61 | 30.5 Systems, especially those for which pyruvate or a related con- ai 
pound acts as substrate. Pyruvate kinase is the first enzyme sai 
0 2.97 | 2.11 | 71.1 | 0.45 | 15.1 | 0.41 | 13.8 of the Embden-Meyerhof pathway for which pyruvate is a sub- 
4x 1072 1.61 | 0.59 | 36.7 | 0.57 | 35.4 | 0.45 | 27.9 strate. It may be concluded that the enzyme is relatively tact 
insensitive to oxamate because of the observation that under | i 
0 2.65 | 1.57 | 59.2 | 0.28 | 10.6 | 0.80 | 30.2 anaerobic conditions in the presence of oxamate, pyruvate ac- Ra 
4X 10° 1.43 | 0.51 | 35.6 | 0.39 | 27.3 | 0.53 | 87.1 cumulates to 10 times its initial concentration. However, the | 7, 

* The observed values for wzmoles of lactate formed were divided by does 
e enzyme, namely of pyruvic acid to phosphoenol 
‘i pyruvate, is oxamate-sensitive. 

to concentrations of oxamate which significantly inhibit LDH. tain 
In Fig. 6, is shown the effect of concentration of potassium This failure to inhibit the complex pyruvic oxidase system of Tabl 
" oxamate on endogenous respiration and respiration in the pres- tumor mitochondria, indicates that oxamate was not inhibiting ‘iia 
ence of glucose. There is only a slight effect of oxamate on any of the enzymes of the Krebs tricarboxylic acid cycle or of | LDE 
endogenous respiration at concentrations up to 6 X 10-*m. In __ the electron transport chain to an extent sufficient to suppress : ie 
the presence of glucose it can be seen that as the oxamate con- the over-all activity of the system. The same conclusion is [ tion 
centration increases, the rate of oxygen uptake correspondingly reached from the failure of oxamate to inhibit oxidative processes This 
increases and approaches the rate of oxygen uptake under en- in the intact ascites tumor cell. E plain 
dogenous conditions. The effect of oxamate on aerobic glycolysis Several systems which form p-lactate instead of L-lactate are — bys 


(in phosphate buffer) is included for comparison (see Fig. 3A relatively insensitive to oxamate. These include the p-lactate 


and 3B). The concentrations required for reversal of the Crab- dehydrogenase of L. mesenteroides, Leuconostoc plantarium (23), _ Ej 
tree effect parallel roughly those needed for inhibition of glycoly- and the glyoxalase of normal human leukocytes (9). In this § ascit 
sis. : connection, it is interesting to note that a p-lactate dehydrogen- den 

Glucose Uptake in Presence and Absence of Oxamate—In an ase was recently reported in kidney mitochondria (24). 8 oxyg 
attempt to determine the mechanism of the reversal of the The occurrence of such an enzyme may explain the observa 


tion that lactate formation accompanying pyruvate oxidation : that 


Crabtree effect, the rate of utilization of glucose, the rate of 
in tumor mitochondria was not very oxamate-sensitive. Thus, 


lactic acid production, and the rate of oxygen uptake were studied 


signif 
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in Experiments 2 and 3 of Table III, the values for lactate for- 
mation (not shown) were identical without and with 0.01 m 
oxamate. In another case, under the conditions of Experiment 
1 of Table III, 0.01 m and 0.04 m oxamate caused only 10 and 
23% inhibition of lactate formation, respectively. The absolute 
amount of lactate formed (0.2 to 0.6 umole per 30 minutes for 
mitochondria from about 1 ml of packed cells) is very small 
relative to the total lactate-producing capacity of glycolyzing 
intact ascites tumor cells (around 120 umoles per 30 minutes 
per ml of packed cells). However, rates of lactate production 
from glucose by the mitochondria were not measured, so the 
quantitative significance of this apparently oxamate-resistant 
glycolytic pathway remains to be assessed. 

The question remains as to why oxamate competes with py- 
ruvate in the case of lactic dehydrogenase but does not compete 
with pyruvate or related substances in other enzyme systems. 
The explanation may lie in the fact, observed by Schwert, that 
an interaction of oxamate with DPNH takes place during 
formation of the inactive LDH-DPNH-oxamate complex (6, 
95, 26). This interaction with DPNH may account for the 
increased binding of oxamate to LDH, relative to its binding 
to pyruvic kinase, pyruvic oxidase, or glyoxalase. 

Relative Sensitinty of LDH in Intact Cells and in Cell-free 
Extracts—The data on oxamate inhibition of LDH and of gly- 
colysis in the whole cell show that the latter is 100 times less 
sensitive to oxamate under the conditions selected. One possible 
explanation for this lower sensitivity exhibited by the cell may 
be the presence of an excess of intracellular LDH. Our calcula- 
tions indicate that enough enzyme is extractable to account, 
when saturated with substrate, for 30 times the actual glycolytic 
rate of the cell. However, if it were true that the cell has an 
excess of LDH, then the curve in Fig. 3 on the effect of oxamate 
on aerobic and anaerobic glycolysis should have been S-shaped, 
inasmuch as oxamate should not inhibit glycolysis at low con- 
centrations where LDH activity is not rate limiting. The actual 
curves suggest that LDH is not in great excess and that some 
other factor is responsible for the lowered sensitivity of the in- 
tact cell. 

Another explanation for this relative insensitivity of the cell 
to oxamate may be a high intracellular pyruvate concentration. 
The fact that pyruvate accumulation under anaerobic conditions 
does cause a reversal of the oxamate inhibition of glycolysis is 
experimental evidence that an increase in intracellular levels of 
pyruvate can decrease the effect of oxamate. From the data 
in Table II, one can calculate that at zero time the maximal in- 
tracellular pyruvate level is 0.6 to 1.4 X 10-3 m (see footnote to 
Table IT). In this range of pyruvate concentration ,1 x 10-?m 
oxamate was able to produce 70% or more inhibition of cell-free 
LDH. These data indicate that the pyruvate level in the cell 
is not great enough to account for the high oxamate concentra- 
tion (8 X 10-3 m) required to get 50% inhibition of glycolysis. 
This cellular insensitivity to oxamate, therefore, cannot be ex- 
plained entirely either by the presence of an excess of LDH or 
by a high intracellular pyruvate level. It is possible that perme- 
ability factors are also involved in this effect. 

Effect of Oxamate on Carbon Balance—The data with Ehrlich 
ascites tumor cells (Table IV), showing a significant amount of 
glucose unaccounted for in terms of lactic acid production and 
oxygen uptake, are in agreement with the experiments of Wenner 
and Weinhouse (27). Villavicencio and Barron (28) showed 
that Ehrlich ascites tumor cells in the presence of glucose form 
Significant amounts of ribose, ribulose, and fructose, as well as 
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lactic acid. Kvamme (29, 30) was able to show that in the 
presence of glucose ascites cells are able to accumulate an ap- 
preciable amount of barium insoluble fructose ester which he 
assumed to be fructose diphosphate. 

When oxamate is present, the block in lactate production is 
reflected almost stoichiometrically by the diminished glucose 
utilization. On the other hand, the amount of glucose going to 
unidentified products remains unchanged by oxamate, so that 
the fraction of glucose unaccounted for becomes larger in the 
presence of the inhibitor. However, this does not mean that 
oxamate causes any additional accumulation of intermediates. 
The reason for the strong inhibition of glucose utilization by 
oxamate is not entirely clear. Analyses for pyruvate or for 
DPNH at the end of the experiments revealed no accumulation 
of these substances.’ 

Mode of Reversal of the Crabtree Effect by Oxamate—Block- 
Frankenthal and Weinhouse (31) have shown that when the 
endogenous respiration of ascites tumor cells, due mainly to 
fatty acid oxidation, is inhibited by glucose, a large fraction of 
the respiratory CO, is derived from the glucose. In the present 
experiments, when oxamate restores the glucose-inhibited res- 
piration to the endogenous rate, the question remains open as 
to what fraction of the respiratory COz is still derived from 
glucose. Although glucose utilization is markedly inhibited by 
oxamate, there is still more than sufficient utilization to account 
for the total oxygen uptake as pointed out above (Table IV). 
One explanation for the apparent reversal of the Crabtree effect 
by oxamate may therefore be simply that more pyruvate is 
made available for oxidation when LDH is inhibited, and that 
the resulting extra oxygen consumption masks the Crabtree 
effect. 

An alternative explanation for the reversal of the Crabtree 
effect by oxamate would be that the Crabtree effect depends 
on an intact glycolytic mechanism to limit the concentration of 
ADP and P; available for respiratory activity (20, 21, 32-34). 
Certain ‘‘pseudo-Crabtree”’ effects have been obtained in the 
absence of an intact glycolytic system, e.g. with glucose in the 
presence of iodoacetate (21), or with 2-deoxyglucose (22). How- 
ever, these effects presumably have a different basis from the 
classical Crabtree phenomenon. 

Possible Applicability of Oxamate as a Tool for Growth Studies— 
The present experiments suggest that oxamate may be a useful 
tool for inhibition of glycolysis in tumor cells without inhibition 
of respiration or other metabolic processes. It might, therefore, 
serve to inhibit the growth of cells dependent on aerobic glycoly- 
sis without interfering with the growth of cells which depend 
solely on oxidative metabolism. In this sense, oxamate would 
serve the opposite purpose to that served by another pyruvate 
analogue, namely fluoropyruvate (35). The latter compound 
inhibits oxygen uptake by nonglycolyzing cells, but is relatively 
ineffective on the respiration of cells exhibiting aerobic glycolysis 
because it is then rapidly detoxified to fluorolactate (36). 

The use of oxamate in studies of the growth of glycolyzing 
cells is described in the paper which follows. 


SUMMARY 


1. The finding of Schwert and collaborators that potassium 
oxamate is a competitive inhibitor of beef heart lactic dehy- 
drogenase has been confirmed and extended to the lactic dehy- 
drogenase of rabbit skeletal muscle and of the Ehrlich ascites 


? The DPNH analyses were done by Miss Margaret Childe. 
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tumor. Oxamate also inhibits the lactic dehydrogenase from 
8-37, Hepatoma-137, Hepatoma-P, Krebs-2, and SH-60 ascites 
cells. 

2. Aerobic and anaerobic glycolysis by the Ehrlich ascites 
tumor cells are equally inhibited by potassium oxamate. The 
ascites cells were found to be inhibited 50% by 8 X 10-3 M ox- 
amate. This concentration of oxamate is 100 times greater than 
the amount giving 50% inhibition of the lactic dehydrogenase 
extracted from the ascites cell under the conditions of assay. 

3. There is a reversal of oxamate inhibition with time under 
anaerobic conditions. This reversal was found to be due to the 
accumulation of pyruvic acid. Under aerobic conditions there 
is no accumulation of pyruvate and no reversal from inhibition 
by oxamate. 

4. There is only a slight effect by oxamate (6 X 10-7 M) on 
the endogenous respiration of Ehrlich ascites tumor cells. The 
inhibition of endogenous respiration by glucose (Crabtree effect) 
is reversed by oxamate. 

5. In the absence of oxamate it was found that not all of the 
glucose utilized can be accounted for as lactic acid or as COs. 
In the presence of oxamate, ghicose uptake is inhibited to the 
same extent as lactate formation, but the amount of glucose 
unaccounted for remains the same as in the absence of oxamate. 

6. The possible usefulness of oxamate as a specific inhibitor 
of glycolysis in mammalian cells is discussed. 
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The finding that potassium oxamate inhibits glycolysis 
by ascites tumor cells in witro, without inhibiting oxidative 
metabolism (1), indicated that oxamate might be applied to the 
study of the role of glycolysis in tumor growth in vivo. If, 
as Warburg (2, 3) states, tumor cells derive much of their energy 
for survival and growth from glycolysis, then the inhibition of 
glycolysis in tumor-bearing animals should result in the regression 
of the tumors. At the same time, if normal cells do not depend 
on glycolysis for energy, they should not be affected by specific 
inhibitors of glycolysis. It therefore seemed of interest to use 
oxamate as a glycolytic inhibitor in ascites tumor-bearing mice. 
However, preliminary experiments showed that although potas- 
sium oxamate is a nontoxic substance in doses up to 3 g per kg, it 
isexcreted so very rapidly that it cannot be used conveniently as 
an inhibitor of glycolysis in animals. 

It was decided, therefore, to study its effects on actively 
growing malignant cells in tissue culture, where the concentra- 
tion of inhibitor can be readily controlled. Inasmuch as the 
ascites cells used previously could not be grown readily in cul- 
ture, the experiments reported here were done with HeLa cells. 
It is the purpose of these experiments to test directly whether 
these cells are dependent on glycolysis for growth. A prelimi- 
nary report of this work has appeared (4). 


EXPERIMENTAL PROCEDURE 


Cella—Two strains of HeLa cells were used, the HeLa 22a 
strain, donated to us by Dr. Michael Bender of the Oak Ridge 
National Laboratories, and the HeLa S-3 strain, supplied to us 
by Dr. Harold Nitowsky of Sinai Hospital, Baltimore, Maryland. 

Although we have used the HeLa 22a strain successfully in 
several early experiments, it was found that, in our hands, the 
HeLa S-3 was a more vigorously growing strain. The HeLa 
8-3 cells were therefore used in the remaining experiments. 

Media—The cells were grown in a medium described by Puck 
dal. (5,6). The complete medium was made up before use by 
mixing the following three component solutions, in the designated 
proportions. 


* Contribution No. 308 of the McCollum Pratt Institute, The 
Johns Hopkins University. This work was aided by a grant from 
the United States Public Health Service. 

{Submitted in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy in Biology, The Johns Hopkins 
University, Baltimore 18, Maryland. Present address, Depart- 
ment of Microbiology, The Johns Hopkins University School of 
Medicine, Baltimore 5, Maryland. 

} Present address, Department of Microbiology, Vanderbilt 
University School of Medicine, Nashville 5, Tennessee. 


For stock cultures, the complete medium consisted of 40° 
nutrient solution (glucose, amino acids, vitamins, and growth 
factors in a balanced saline solution), 40° Hanks’ balanced salt 
solution (7), and 20% human serum. The medium used for 
experimental purposes consisted of 40% nutrient solution, 40% 
Eagle’s balanced salt solution (8, 9), and 20% human serum. 
The sodium ion concentration in the media with and without 
sodium oxamate was kept constant by replacing the sodium 
chloride of Eagle’s balanced salt solution with equivalent 
amounts of sodium oxamate. The final media varied only in 
their oxamate ion and chloride ion concentration. The final 
media also contained penicillin and streptomycin to reduce the 
possibility of contamination. Final sterilization of the complete 
medium was achieved by passage through a Selas porcelain 
bacteriological filter with a maximal pore diameter of 0.02 wu. 
The human serum was obtained from Microbiological Associates, 
and from the Philadelphia Serum Exchange. 

Conditions for Cell Growth—Stock cultures were grown on the 
flat glass surface of 100-ml milk dilution bottles containing 5 ml 
of the complete medium described above. The cultures were 
incubated at 37° in a constantly gassed (56% CO.-95% air), 
humidified incubator. Stock cultures were trypsinized by addi- 
tion of 5 ml of 0.05% trypsin-saline A (5) for 15 minutes at 37°, 
followed by the addition of an equal volume of complete medium 
which contained enough human serum to stop the action of 
trypsin. The cells were dispersed by rapid and repeated pipet- 
ting of the suspension. The dispersed cells were then transferred 
in 0.1 ml aliquots, into screw-cap tubes (5 in X 3 in) which 
contained 1.5 ml of complete medium. The cultures were placed 
horizontally in racks in the gassed incubator at 37° for approxi- 
mately 12 hours to permit the cells to adhere to the glass surface. 
Then the culture medium in the tubes was discarded and the 
experiment was started by the addition of 1.5 ml of fresh medium 
with and without oxamate. After a given period of incubation, 
the medium was poured off and analyzed for lactic acid and glu- 
cose content. The cells which remained adhering to the glass 
surface were washed three times with 5 ml of 0.1 m phosphate 
buffer, pH 7.4, and further treated for protein analysis. Each 
protein, glucose, and lactic acid determination reported is the 
average of three individual tube cultures identically prepared. 

Chemicals and Analyses—Lactic acid determinations were done 
according to the method of Barker and Summerson (10). Pro- 
teins were determined by the Lowry method as modified by 
Oyama and Eagle for tissue cultures (11). The glucose deter- 
minations were made by the method of Nelson (12). Sodium 
oxamate was prepared by partial ammonolysis of diethyl oxalate 
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Fic. 1. Protein data showing the growth of HeLa 22a cells in 
the presence of 8 X 10-2 m sodium oxamate. The production of 
lactic acid and utilization of glucose corresponding to protein 
data are also shown. The amount of lactic acid produced and 
glucose utilized is expressed as micromoles per milliliter of medium. 


(13), followed by hydrolysis of ethyl oxamate with sodium 
hydroxide and crystallization from alcohol. Sodium pyruvate 
was obtained from the Mann Research Laboratories. 


RESULTS 


The effect of 8 x 10-? M oxamate on the time course of growth 
and glycolysis of HeLa 22a cells, over a period of 220 hours is 
shown in Fig. 1. The concentration of oxamate used has been 
found in previous experiments to result in 90 to 95% inhibition 
of glycolysis by Ehrlich ascites tumor cells, in vitro (1). These 
data show that in the presence of 8 X 10-? M oxamate the growth 
of HeLa 22a cells is completely inhibited. In fact, there is a 
significant drop in protein from the initial value of 78 ug of total 
protein to a constant value of approximately 40 ug of total pro- 
tein. Microscopic examination of these cultures revealed that 
there were some cells which remained attached to the glass surface 
at the end of the experiment. These cells appeared unchanged 
morphologically. 

The lactic acid production and the glucose utilization data are 
also shown in Fig. 1. These data essentially reflect the protein 
data. Inasmuch as in the presence of oxamate, both growth and 
lactic acid production were very strongly inhibited, it is impossi- 
ble to determine from these data whether or not the inhibition of 
glycolysis was a secondary effect resulting from the inhibition of 
growth, or vice versa. 

The effect of varying concentrations of oxamate on the growth 
and metabolism of HeLa S-3 cells is shown in Fig. 2. In this 
experiment, 10 cultures were set up for each concentration of oxa- 
mate used. The cultures were permitted to grow for 136 hours 
and at the end of this incubation period, the protein concentra- 
tion, lactic acid production, and glucose utilization were deter- 
mined. The protein data indicate that there is a slight inhibition 
of growth by 2 X 10°? m oxamate, and complete inhibition by 
4x 10*mto8 X 10-? mM oxamate. Again it can be seen that 
the glucose and lactic acid data correspond to the protein data, 
i.e. that a given concentration of oxamate causes corresponding 
decreases in the growth and glycolysis of HeLa S-3 cells. The 
concentrations of oxamate correspond roughly to those needed 
for inhibition of glycolysis in resting ascites tumor cells (1), sug- 
gesting that the growth inhibition observed here may be due to 
inhibition of glycolysis. 

In our earlier experiments (1), it was shown that Ehrlich 
ascites tumor cells in vitro will accumulate pyruvate in the pres- 


The cells were grown in 1.5 ml of complete medium composed of 
nutrients, balanced salts, and 30% human serum. The initia] 
glucose concentration was 5.1mm. The cultures were incubated 
at 37° in a humidified incubator gassed with 5% CO2-95% air. 
Total protein is given in micrograms in all figures. 
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Fig. 2. Protein data showing the effect of varying concentra- 
tions of sodium oxamate on the growth of HeLa S-3 cells. The 
production of lactic acid and utilization of glucose corresponding 
to the protein data are also shown. The amount of lactic acid 
produced and glucose utilized is expressed as micromoles per 
milliliter of medium. The cells were grown in 1.5 ml of complete 
medium composed of nutrients, balanced salts, and 20% human 
serum. The initial glucose concentration was 6.19 mm. The 
cultures were permitted to grow for 136.5 hours. Each value is 
an average of the determinations from 10 identical cultures. 
Protein content of inoculum was approximately 30 ug. 


ence of oxamate under anaerobic conditions, and that this py- 
ruvate accumulation results in the reversal of the oxamate inhibi- 
tion of glycolysis. This ability of pyruvate to reverse the effect 
of oxamate can be explained by the fact that oxamate is a com- 
petitive inhibitor of lactic dehydrogenase. Because this reversal 
of inhibition of glycolysis by pyruvate was observed with Ehrlich 
ascites tumor cells in vitro, it was thought possible that the same 
effect might be observed with growing cells, and that oxamate 
might be competitive with pyruvate with respect to cellular 
growth as well as with lactic dehydrogenase. 

By the addition of 8 < 10-3 Mm sodium pyruvate to the culture 
medium containing 8 X 107? m oxamate, it was found that py- 
ruvate could indeed reverse the inhibitory effect of oxamate on 
growth and glycolysis of HeLa S-3 cells. The protein, lactic 
acid, and glucose uptake data from this time course experiment 
are shown in Fig. 3. The protein data show that the rate of 
growth of HeLa S-3 cells in the cultures containing oxamate 
plus pyruvate is the same as that of the control cultures. There 


is a complete reversal by pyruvate of the oxamate effect on 


growth, and the data in Fig. 3 also show that pyruvate causes 4 
complete reversal of the oxamate effect on glycolysis. The 
glucose uptake data indicate that less glucose is used in the 
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Fic. 3. Protein data showing the effect of 8 XK 10-2 m sodium 
oxamate on the growth of HeLa S-3 cells and the ability of 8 X 
10-* m sodium pyruvate to reverse the inhibitory effect of oxamate. 
The production of lactic acid and utilization of glucose correspond- 
ing to the protein data are also shown. The amount of lactic 
acid produced and glucose utilized is expressed as micromoles per 
milliliter of medium. The cells were grown in 1.5 ml of complete 
medium composed of nutrients, balanced salts, and 20% human 
serum. The initial glucose concentration was 6.31 mm. The 
cultures were incubated at 37° in a humidified incubator gassed 
with 5% CO2-95% air. 


presence of oxamate plus pyruvate than in the control cultures. 
The reason for the incomplete reversal of inhibition of glucose 
utilization in this particular experiment is not clear. In other 
experiments, complete reversal of inhibition of glucose utilization 
was observed. 

It should also be noted that the protein, lactic acid, and glu- 
cose data in Fig. 3 for the samples with oxamate alone show a 
definite reversal of the oxamate effect with time after 80 hours of 
incubation. This might be due to a gradual accumulation of 
pyruvate which after 80 hours is high enough in concentration 
to reverse the oxamate effect. It is also possible that the growth 
of these cells after 80 hours is a result of the selection of a small 
group of oxamate-resistant cells. 

In the experiment shown in Fig. 4, the pyruvate concentration 
was varied from 8 X 10-5 m to 8 10-* M, whereas the oxamate 
concentration was kept constant at 4 x 10°? m. The protein 
data show that in the presence of 8 X 10-5 m pyruvate and 4 Xx 
10 M oxamate, a slight but significant reversal was obtained. 
The reversal is almost complete in the presence of 8 X 10“ M 
pyruvate, and complete reversal of oxamate inhibition of growth 
was obtained by 8 x 10° m pyruvate. These protein data 
indicate that oxamate is competitive with pyruvate with re- 
spect to growth and also indicate that these cells may be de- 
pendent on glycolysis for growth. 
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Fic. 4. Protein data showing the effect of varying concentra- 
tions of pyruvate on the growth of HeLa S-3 cells in the presence 
and absence of sodium oxamate. The production of lactic acid 
and utilization of glucose corresponding to the protein data are 
also shown. The amount of lactic acid produced and glucose 
utilized is expressed as micromoles per milliliter of medium. The 
sodium oxamate concentration is 4 X 10-2 m. The cells were 
grown in 1.5 ml of complete medium composed of nutrients, bal- 
anced salts, and 20% human serum. The initial glucose con- 
centration was 6.85 mm. The cultures were incubated at 37° in a 
humidified incubator gassed with 5% CO2-95% air. 


DISCUSSION 


The results show clearly that the oxamate ion, an inhibitor of 
glycolysis, can prevent the growth of HeLa cells in tissue culture. 
It is then natural to inquire as to what the same inhibitor would 
do to the growth of normal, nonglycolyzing cells. This is a 
difficult question to answer, since by ordinary techniques, 
embryonic or adult normal cells in growing cultures give rise to 
cell lines which exhibit a high rate of aerobic glycolysis (14-19). 
According to Eagle et al. (19), such “normal” cells are indistin- 
guishable metabolically from tumor cells grown in culture. 
(However, see summary of (2), prepared by Burk.) As one 
might expect, such cells are also indistinguishable from HeLa 
cells with respect to oxamate inhibition of growth. Dr. Harold 
Nitowsky! has found that oxamate readily inhibits the growth of 
a culture derived by him from newborn human liver cells, which 
showed the same glycolytic and morphological characteristics as 
HeLa cells. Similarly, Mr. Edward Goldberg? has found that 
oxamate inhibits completely the growth of a culture of rapidly 
glycolyzing chick fibroblasts derived from the chick embryo, as 
well as the growth of Rous sarcoma cells. The question of 
whether or not oxamate will inhibit the growth of normal non- 
glycolyzing cells in culture must await the use of techniques for 


1 Personal communication. 
2 Unpublished experiments. 
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measuring growth in media which permit growth without dedif- 
ferentiation. 

It has been tentatively concluded that oxamate inhibition of 
growth of animal cells is due to inhibition of lactic dehydrogenase. 
This conclusion is based on the following considerations. First, 
oxamate has been shown to act at the lactic dehydrogenase level 
when inhibiting the glycolysis of resting ascites tumor cells (1). 
Second, the concentration required for this inhibition of glycoly- 
sis by the ascites tumor cells corresponds closely to that required 
for growth inhibition with HeLa cells. Third, pyruvate in low 
concentration prevents the inhibition of growth, just as expected 
if oxamate were acting specifically at the lactic dehydrogenase 
level. The latter observation certainly suggests that, whatever 
the site of oxamate inhibition of growth, it must be a site at 
which pyruvate is also bound. Although such sites, other than 
lactic dehydrogenase, may of course exist, none has as yet been 
demonstrated. 

Assuming that lactic dehydrogenase activity is somehow es- 
sential for growth, the next question is whether this requirement 
represents a need for glycolysis as a major energy source for 
growth. This seems not to be the case, since Eagle et al. (19) 
have shown that maximal growth of HeLa cells can occur at 
very low concentrations of sugar, where the rate of lactate forma- 
tion appears to be very low. When oxamate effects on growth 
were compared at low and high glucose concentrations, e.g. 0.2 
versus 5 mM, no significant difference in effectiveness was noted.* 
Thus, although glycolysis may be quantitatively of less signifi- 
cance at low sugar concentrations, it appears to remain essential 
for growth. 

One must keep in mind the possibility that lactic dehydrogen- 
ase may be necessary for growth because of a function distinct 
from the usual DPNH_-linked glycolytic activity. Ernster al. 
(20) have pointed out that the TPNH-linked activity of lactic 
dehydrogenase may be of quantitative significance as the major 
pathway for reoxidation of TPNH in liver. Wenner (21) has 
shown, in fact, that pyruvate addition to ascites tumor cells 
increases the oxidation of glucose via the phosphogluconate 
pathway. 

Finally, Herzenberg (22) has noted that pyruvate is an 
essential growth factor for the clonal cultivation of lymphoma 
cells. That the latter effect is via lactic dehydrogenase is 
strongly suggested by Herzenberg’s finding that a-ketobutyrate, 
a good substrate for this enzyme, can replace pyruvate as growth 
factor. These findings indicate that other pathways for the 
oxidation of TPNH and DPNH (e.g. respiration, fat synthesis) 
are inadequate to initiate growth in these cells, and suggest an 
important role for lactic dehydrogenase in this process. 


3H. Nitowsky, unpublished experiments with HeLa cells, and 
E. Goldberg, unpublished experiments with chick fibroblast cells. 
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SUMMARY 


1. Oxamate, a structural analogue of pyruvate, inhibits com- 
pletely the growth of HeLa cells at the same concentration (0.04 
to 0.08 m) found previously to inhibit the glycolysis of resting 
ascites tumor cells. 

2. The inhibition of growth at varying oxamate concentra- 
tions is paralleled by corresponding decreases in glucose utiliza- 
tion and lactate production. 

3. The growth inhibition by 0.04 M oxamate is prevented 
almost completely by the presence of 8 X 10-4 M pyruvate, and 
lactic acid production is also restored to the uninhibited level. 

4. Inasmuch as oxamate is competitive with pyruvate with 
respect to both growth and lactic dehydrogenase activity, it is 
concluded that lactic dehydrogenase activity is somehow essential 
for the growth of the HeLa strains tested under the conditions of 
these experiments. 
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Hygromycin A is interesting from the standpoint of the pre- 
viously undescribed sugar it contains, 5-keto-6-deoxy-p-arabo- 
hexose (2,3). The pathway of biosynthesis of this compound 
is unknown. 

In this study, Streptomyces hygroscopicus was grown in the 
presence of specifically labeled glucose, and the distribution of 
radioactivity in the 5-keto-6-deoxy-D-arabohexose of hygromycin 
A was determined. Since it was not possible to isolate the sugar 
as such, it was necessary to reduce the ketone group to an alco- 
hol. The sugar was then isolated as the t-fucose diethylmer- 
captal derivative. 

The results of these experiments indicate that the p-glucose 
carbon chain is converted to that of 5-keto-6-deoxy-p-arabo- 
hexose without skeletal rearrangement, since little or no ran- 
domization of the isotope occurred. 


EXPERIMENTAL PROCEDURE 


Culture Conditions—Streptomyces hygroscopicus (Jensen) Waks- 
man and Henrici was maintained on slants of the following com- 
position (in %): soluble starch (Difco), 0.5; cerelose, 0.5; tryp- 
tone (Bacto), 0.5; betaine, 0.05; NaCl, 1.0; Curbay B. G. liquid 
(fermentation solubles obtained from United States Industrial 
Chemicals, Inc., Louisville, Kentucky), 0.1; K:HPO,, 0.01; 
MgSO,-7H2O, 0.01; mineral mixture A,! 0.1; and agar, 2.0. 
After having been incubated at 30° for approximately 1 week, 
slants were refrigerated at 4—6° until used. 

About 10 ml of sterile distilled water were used to wash the 
cells off a large slant, and this was used to inoculate the contents 
of five 250-ml Erlenmeyer flasks, each containing 80 ml of the 
following medium (in %): cerelose, 1.5; soy bean meal, 1.5; corn 
steep liquor (50% solids obtained from the A. E. Staley Manu- 
facturing Company, Decatur, Illinois), 0.5; NaCl, 0.5; and 
CaCO;, 0.2. After incubation for 48 hours at 30° on a Gump 
rotary shaker (240 r.p.m.), 5 ml of vegetative growth were used 
to inoculate 75 ml of fermentation medium of the following 
composition (in %) contained in a 250-ml Erlenmeyer flask: 
(NH,)2SO,4, 0.1; NH4NOs, 0.5; MgCl.-6H.O, 0.5; KzHPO,, 0.3; 
CaCOs, 0.1; mineral mixture C,? 1.0; and cerelose, 8.0. 


* Supported by Grant G-5029 from the National Science Founda- 
tion. A preliminary report of this work has been presented (1). 

t Predoctoral Fellow of the National Institutes of Health. 

t Postdoctoral Fellow of the National Institutes of Health. 
Present address, The Upjohn Company, Kalamazoo, Michigan. 

‘Mineral mixture A had the following composition (in %): 
FeSO,-7H;0, 0.2; ZnSO,.-7H.0, 0.1; CuSO,-5H.O, 0.05; MnCl:- 
4H:0, 0.05; CoCl.-6H0, 0.01; and CaCle, 4.0. 

* Mineral mixture C had the following composition (in %): 
ZnSO,-7H.0, 0.28; ferric ammonium citrate, 0.27; CuSO,-5H:0, 
0.0125; MnSO,-H.0, 0.1; and CoCl:-6H,0, 0.01. 


The organism was grown in the fermentation medium for 72 
hours, after which time 100 ue of specifically labeled glucose 
(1-C¥4, 2-C4, and 6-C™) were added to each of three flasks.3 
The organism was then allowed to continue to grow for an addi- 
tional 24 hours. 

Isolation of Hygromycin A—At the end of the 24-hour period 
(96 hours of growth), cells were removed by centrifugation, and 
the supernatant liquids were pooled. At this stage, assays in- 
dicated the presence of 1400 to 2000 ug per ml of hygromycin 
Ain the medium. Pure hygromycin A (400 mg) was then added, 
and the purification was performed as previously described (4). 

Isolation of 5-Keto-6-deoxy-p-arabohexose as the 1-Fucose Di- 
ethylmercaptal Derivative—A sample of the antibiotic, which 
was shown by assay to be virtually pure, was reduced with so- 
dium borohydride; it was then treated with ethyl mercaptan 
as previously described (2). The t-fucose diethylmercaptal 
was harvested as white needles. Recrystallization from water 
yielded a product melting at 161°. A mixed melting point with 
an authentic sample was not depressed. 

To 30 mg of L-fucose diethylmercaptal (0.11 mmole), dissolved 
in 50 ml of hot water, were added with stirring 10 ml of 0.1 m 
HgCl, solution. The mixture was placed in a boiling water 
bath for 15 minutes and then was allowed to stand at room tem- 
perature for 1 hour. At the end of this time, the precipitate of 
mercuridiethylmercaptal was removed by filtration, and H.S 
was bubbled through the solution for about 15 minutes. The 
heavy precipitate of HgS was removed by filtration and washed 
well with water. The filtrate and wash water were combined, 
aerated to eliminate H.S, and passed through columns of Dowex 
50 (H*) to remove any remaining Hg*t*, and Dowex 2 (HCO;-) 
to remove Cl-. After having been concentrated in a vacuum, 
the fucose solution was streaked on 183- xX 22-inch sheets of 
Whatman No. 1 paper and chromatographed in a butanol- 
ethanol-water system (4:1:5) along with authentic fucose. The 
papergrams were dried and 14-inch strips were cut and scanned 
for radioactivity with an automatic strip scanner. Periodate- 
permanganate spray reagent was used to detect fucose (5). 

In each case, radioactivity coincided with the colored spot 
present after treatment of the paper with the spray. The bands 
were then eluted. Fucose was assayed by the anthrone method 
(6). The yield of fucose from the mercaptal derivative was 
about 85%. A second faster moving band was observed in 
several cases, but in smaller amounts. This band has not yet 
been identified, but is presumably the other isomer of the re- 

duction, namely, 6-deoxy-pD-altrose. 


3 In one experiment, a total of only 100 ue of glucose-6-C™ was 
used. 
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Preparation and Degradation of Fucobenzimidazole—The ben- 
zimidazole derivative of fucose was prepared by a previously 
described procedure (7), after addition of enough carrier fucose 
to bring the starting amount of material to 100 mg.‘ After 
several recrystallizations, the melting point of fucobenzimida- 
zole was 253-254°. A mixture of this product with an authentic 
sample gave the same melting point. 

The degradation of fucobenzimidazole was performed as pre- 
viously described (7-11). Fucobenzimidazole, upon treatment 
with NalO,, yields 2-benzimidazolealdehyde from carbon atoms 
1 and 2 of the hexose, formic acid from carbon atoms 3 and 4, 
and acetaldehyde from carbon atoms 5 and 6. 

The 2-benzimidazolealdehyde was removed by filtration, oxi- 
-dized to 2-benzimidazolecarboxylic acid, and decarboxylated as 
previously described (7). 

The filtrate was acidified, and the acetaldehyde was removed 
by steam distillation. The residue, which contained formic 
acid, was oxidized to CO: with mercuric acetate (12). The 
steam distillate was divided into two portions, from which the 
dimedon derivative (13) and iodoform (14) were prepared. In 
two cases (glucose-2-C™ and glucose-6-C™), the fifth carbon 
atom of the hexose was recovered as formic acid as follows. 
After removal of the iodoform by centrifugation, the super- 
natant liquid was treated with As.O; to destroy excess I. The 
mixture was then acidified, and the formic acid, which repre- 
sented carbon atom 5 of the hexose, was oxidized to carbon diox- 
ide with mercuric acetate (12). 

Isolation of Glucose from Medium—Glucose was isolated from 
the medium at 72 and 96 hours to determine its specific activity. 
Several milliliters of medium were passed through Dowex 50 
(H*) and Dowex 2 (HCO;~) to remove salt. The neutral frac- 
tion was then streaked on 183- x 223-inch sheets of Whatman 
No. 1 filter paper and chromatographed in a butanol-ethanol- 
water system (4:1:5), along with authentic glucose. The band 
of glucose was identified and eluted in a manner similar to that 
described for fucose. 

Determination of Radioactivity—All radioactive samples, unless 
otherwise specified, were counted as BaCO; with a Tracerlab 
windowless gas flow counter. Counts were corrected by a graph- 
ical method to the activity at zero self-absorption (17). All 
samples were counted for sufficient periods of time to give a 
standard error of +1%. Solid samples were oxidized to CO, 
by the method of Van Slyke (18, 19), and liquid samples were 
oxidized by the method of Calvin e¢ al. (20). 

In one preliminary experiment, when a total of 100 ue of glu- 
cose-6-C™ was used, the radioactivity in the isolated sugar was 
too low to permit localization of the activity by standard pro- 
cedures. The sugar was therefore degraded as previously de- 
scribed and counted in a Tri-Carb liquid scintillation counter. 
Scintillation phosphors (2,5-diphenyloxazole and 1,4-bis-2-(5- 
phenyloxazolyl)-benzene) were obtained from the Arapahoe 
Chemical Company, Boulder, Colorado. Hyamine 10-X was 
obtained from the Rohm and Haas Company, Philadelphia, 
Pennsylvania, and was recrystallized several times from toluene. 
It was prepared for use as described by Passmann et al. (21). 
Samples not directly soluble in toluene (fucobenzimidazole, 2- 


4 The reaction mixture was as follows: 0.61 mmole of L-fucose, 
1.66 mmoles of o-phenylenediamine, 1.0 mmole of cupric acetate, 
8.0 mmoles of glacial acetic acid, 4.0 ml of water. The mixture 
was heated at 54° for 14 hours. Cu*t ions were removed with HS, 
and the benzimidazole was precipitated by the addition of NH,OH. 


Biosynthesis of 5-Keto-6-deoxy-p-arabohexose 


benzimidazolecarboxylic acid, and benzimidazole) were counted 
in a mixture of hyamine (2 ml) and toluene (15 ml). COz (from 
hexose carbon atom 2 by decarboxylation, and carbon atoms 3 
and 4 of the hexose by oxidation) was trapped in barium hydrox- 
ide. The resulting precipitate of BaCOs was collected, dried, 
and weighed. It was then reconverted to COz2 (22), which was 
collected in hyamine. Counting efficiency was determined with 
a B-ray standard of benzoic acid in toluene, kindly supplied by 
the National Bureau of Standards. All samples were corrected 
to 100% counting efficiency. 


RESULTS AND DISCUSSION 


Streptomyces hygroscopicus was grown for 72 hours, after which 
time specifically labeled glucose was added to the medium, and 
growth was allowed to continue for an additional 24 hours. A 
period during which the original substrate is likely to be con- 
verted rapidly to hygromycin and during which a readily meas- 
urable amount of radioactivity is introduced into the product 
had to be selected. The interval from 72 to 96 hours was chosen, 
rather than other intervals such as 48 to 72 or 96 to 120 hours, 
because it represents a time of rapid utilization of glucose and 
rapid appearance of hygromycin A in the medium, as is shown 
in Fig. 1. Furthermore, satisfactory, although not maximal, 
yields of hygromycin A are obtainable after 96 hours of growth. 

Data on the utilization of glucose and its conversion to hy- 
gromycin A, and thus the keto sugar, are given in Table I. Al- 
though there are some differences in the amount of antibiotic 
found in the medium and of glucose utilized from one experiment 
to another when each of the specifically labeled glucose prepara- 
tions was used as substrate, the observed ratios of the specific 
activity of fucose (thus the 5-keto sugar) to that of glucose iso- 
lated from the medium at 72 hours are essentially the same; 
this suggests that the first, second, and sixth carbon atoms of 
D-glucose appear in 5-keto-6-deoxy-p-arabohexose to the same 
extent. Calculated ratios of specific activity are also presented 
to take into account the fact that a considerable amount of 
hygromycin A had been produced when the isotope was added. 
Calculations were made on the basis of the equivalent amount 
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Fic. 1. Growth of Streptomyces hygroscopicus (based on utiliza- 
tion of glucose) and hygromycin A yields. At the intervals indi- 
cated, several milliliters of medium were removed (or a separate 
flask was used) and assayed for glucose in the medium and hygro- 
mycin A yields. 


Vol. 236, No. 2 


2 ce Opn 


} 

| | 
« 
in 
at 
ve 
D-( 
me 
of 
as 
of 
(29 
ve 
fue, 


hy- 

Al- 
lotic 
ment 
yara- 
ecific 
> 1S0- 
ame; 
ns of 
same 
onted 
nt of 
ided. 
ount 


90 


10 


HYGROMYCIN A, U./ML. 


tiliza- 
3 indi- 
parate 


— 


February 1961 


of fucose actually produced during the 72- to 96-hour period as 
determined by the hygromycin assays. The total number of 
counts was then divided by the number of umoles of fucose pro- 
duced. It should be observed that when the organism was in- 
cubated with glucose-1-C™, the calculated ratio was somewhat 
higher than in the other two cases. This may be due to an 
error in the biological assay at 96 hours. 

The distribution of C' in the carbon skeleton of 5-keto-6- 
deoxy-D-arabohexose arising from glucose-1-C', glucose-2-C", 
and glucose-6-C™ is presented in Table II. From these data 
it is evident that almost all the activity appeared in carbon 
atom 1 of the 5-keto sugar when the organism was grown in the 
presence of glucose-1-C™, in carbon atom 2 when glucose-2-C™ 
was used, and in carbon atom 6 when glucose-6-C™ was the sub- 
strate. A slight amount of randomization occurred in each case. 

The conversion of D-glucose to methylpentoses of the L series 
has previously been reported. Heath and Roseman (7) have 
studied this phenomenon with a culture of Aerobacter cloacae 
which produces a fucose-containing polysaccharide. In their 
experiments, essentially all the activity was found in carbon 
atom 1 of the fucose when glucose-1-C™ was the carbon source, 
and in carbon atom 6 when glucose-6-C™“ was used. Similar 
results have been reported by Wilkinson (23) and Segal and 
Topper (24) with Aerobacter aerogenes which produces a fucose- 
containing polysaccharide. 

Hauser and Karnovsky (25) have studied the conversion of 
p-fructose-6-C'4 to t-rhamnose which occurs as a constituent 
of a rhamnolipid of Pseudomonas aeruginosa. They found that 
essentially all the radioactivity appeared in carbon atom 6 
of the rhamnose. Southard eé al. (26) have investigated the 
conversion of glucose-1-C' and glucose-6-C'" to .L-rhamnose 
of streptococcal cell walls. Although some randomization oc- 
curred, the t-rhamnose was found to be predominantly labeled 
in the analogous carbon atoms. 

Cynkin and Ashwell (27) have recently reported on the con- 
version of p-glucose to colitose (3-deoxy-L-fucose), which is 
regarded as a component of the endotoxin of Escherichia colt. 
Essentially all the activity was found in carbon atom 1 of the 
colitose when glucose-1-C™ was used, in carbon atom 2 when 
glucose-2-C!4 was the substrate, and in carbon atom 6 of the 
colitose when glucose-6-C™ was the carbon source. 

The results reported here are consistent with the idea of a 
direct conversion of p-glucose to 5-keto-6-deoxy-p-arabohexose 
without scission of the carbon chain. A direct conversion would 
involve epimerizations at carbon atoms 2 and 3, an oxidation 
at carbon 5, and a reduction at carbon atom 6. 

A hypothetical pathway which could account for this con- 
version is as follows: 


D-Glucose p-mannose — p-altrose — 
5-keto-6-deoxy-p-arabohexose 


The conversion of p-glucose to D-mannose is known to occur by 
means of the 6-phosphate esters (28), whereas the mechanism 
of conversion of D-mannose to D-altrose is not known, but could 
occur via the sugar nucleotides; D-altrose has not been observed 
as an intermediate in this type of reaction. An epimerization 
of this type seems possible in view of the fact that Ginsburg 
(29, 30) has shown that an extract of Aerobacter aerogenes con- 
verted guanosine diphosphate mannose to guanosine diphosphate 
fucose. Furthermore, Heath (31) found that when he incubated 
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TABLE 
Hygromycin yields, utilization of glucose, and fate of 
carbon atoms 1, 2, and 6 of glucose 
Specific activity 
Hygromycin A Glucose 
Position of C'4 in 
glucose 
72 hrs | 96hrs | Ohr | 72 hrs | 96 hrs 
ug/ml mg/ml 
1 1195 | 1453 | 67.7. 27.8 | 14.2 | 0.10! 1.02 
2 1281 | 2057 | 67.7 | 19.4 | 6.9 | 0.09 | 0.76 
6 1200 | 2000 | 65.0 | 26.0; 9.25] 0.11 | 0.71 


* Figures in the first column represent ratios actually observed. 
Figures in the second column are ratios calculated to take into 
account the fact that a considerable amount of hygromycin A 
had already been produced when the isotope was added. 


TaB_e II 

Distribution of C'* among the carbon atoms of 
5-keto-6-deoxy-b-arabohexose derived from 

specifically C'4-labeled glucose 


1-CM 
% % % 
CHO 87 0 3 
| 
0 90 0 
H—C—OH 
| 4 7 1 
H—C—OH 
| 
5 0* 6 0 
CH; 13 0 95 
Total radioactivity, epm/y- 


* Determined by difference in the case of the experiment with 


glucose-1-C"4. 


t The experiment with glucose-6-C'* was performed twice. In 
a preliminary experiment, only 100 ue of glucose-6-C!* were used. 
A Packard Tri-Carb liquid scintillation counter was used for the 
determination of radioactivity. In the second experiment, 300 
uc of glucose-6-C!4 were used. Radioactivity was measured with 


a Tracerlab windowless gas flow counter. 


experiments were identical. 


Results from the two 


guanosine diphosphate mannose (C in the mannose) with a 
cell-free extract of Escherichia coli O111, colitose was formed. 
The final conversion of D-altrose to the keto sugar could be 
brought about by a reaction similar to that described by MacGee 
and Doudoroff (32) in which 6-phosphogluconate is converted to 
2-keto-3-deoxy-6-phosphogluconate. 
Another possibility is that 5-keto-6-deoxy-p-arabohexose 
arises from L-fucose. This would involve only an oxidation of 
carbon atom 5 of fucose. However, to our knowledge, a specific 
oxidation at carbon atom 5 of an aldose has never been reported. 
The formation of 5-keto-6-deoxy-D-arabohexose through a 
recombination of fragments obtained after cleavage of p-glucose 
is possible, though unlikely. Such a mechanism would imply 
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that the fragments are not in equilibrium with each other; other- 
wise doubly labeled 5-keto-6-deoxy-D-arabohexose would have 
been formed. In this regard, Hough and Jones (33) have found 
that when they incubated an aldolase preparation of peas with 
pL-lactaldehyde and fructose diphosphate, 6-deoxy-p-fructose 
and 6-deoxy-L-sorbose were obtained. Huang and Miller (34) 
have also reported the synthesis of methylpentoses from DL- 
lactic aldehyde with an aldolase preparation of muscle. 

That some of the hexose in our experiments is indeed broken 
down to smaller units which are in equilibrium with each other 
is shown by the fact that some randomization of the isotope 
occurred; however, the small extent to which this happened does 
not make it likely that the reactions responsible for this ran- 
domization are relevant to the biosynthesis of 5-keto-6-deoxy- 
p-arabohexose. Further work is now in progress to elucidate 
the pathway of biosynthesis of this unusual sugar. 


SUMMARY 


1. Streptomyces hygroscopicus (Jensen) Waksman and Henrici 
was grown for 72 hours, after which time specifically labeled 
glucose (1-C!*, 2-C4, and 6-C™) was added, and growth was al- 
lowed to continue for an additional 24 hours. Hygromycin A 
was isolated from the medium, reduced, and the 5-keto-6-deoxy- 
p-arabohexose isolated as the t-fucose diethylmercaptal deriva- 
tive. After treatment with HgClo, the benzimidazole derivative 
of t-fucose was prepared and degraded. 

2. In the 5-keto-6-deoxy-D-arabohexose derived from glucose- 
1-C™, 87% of the total activity was found in carbon atom 1; in 
that derived from glucose-2-C'™, 90°% of the label was in carbon 
atom 2; and in that derived from glucose-6-C™, 95% of the ac- 
tivity appeared in carbon atom 6. These data indicate that 
p-glucose is converted to 5-keto-6-deoxy-p-arabohexose without 
skeletal rearrangement. 


Acknowledgments—The authors appreciate the tutelage fur- 
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their helpful suggestions. 
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The classical studies of Dutton and Storey (1) have shown 
that liver microsomes catalyze the transfer of glucuronic acid 
from uridine diphosphate glucuronic acid to phenols. In an 
attempt to detect a reaction between uridine diphosphate glucu- 
ronic acid and uridine diphosphate N-acetylglucosamine, the 
effect of the latter on phenol glucuronidation was tested. It was 
expected that a reaction between the two nucleotides should de- 
crease glucuronidation. Contrary to the expectation, increased 
formation of phenyl glucuronide was obtained on adding uridine 
diphosphate N-acetylglucosamine. The largest effect was pro- 
duced with rat liver microsomes and was further increased by 
addition of adenosine triphosphate. Inasmuch as sugar nucleo- 
tides such as uridine diphosphate glucose or guanine diphosphate 
mannose could not replace uridine diphosphate N-acetylglucos- 
amine, it was considered of interest to study the phenomenon in 
more detail. 


EXPERIMENTAL PROCEDURE 


Methods and Materials—o-Aminophenol was purified by subli- 
mation. p-Nitrophenol was recrystallized from ethanol-water. 
Crystalline barium ATP, UDP-glucuronic acid (NH,*, 90% 
purity), and the uridine phosphates were obtained from the 
Sigma Chemical Company. UDP-N-acetylglucosamine, UDP- 
glucose and GDP-mannose were isolated from yeast by the proce- 
dure of Pontis et al. (2). Potassium glucuronic acid-1-P was 
prepared by chemical oxidation of glucose-1-P (3). N-Acetyl- 
glucosamine-1-P was prepared chemically (4). 

The solvents used in chromatography were: Solvent A: eth- 
anol-1 M ammonium acetate (75:30); Solvent B: ethanol-1 mM am- 
monium acetate, pH 3.8 (75:30) (5). 

Guinea pig microsomes were prepared by homogenizing the 
exsanguinated liver in 4 volumes of 0.154 m KCl, discarding the 
precipitate obtained after 10 minutes of centrifugation at 2,000 x 
g, and then collecting the precipitate after 90 minutes of centrif- 
ugation at 18,000 X g. The precipitate was washed twice in an 
equal volume of KCl with 60 minutes of centrifugation each time, 
and finally resuspended in the same volume of KCl. All opera- 
tions were performed at 0—4°. 

Rat liver microsomes were prepared similarly with the follow- 
ing modifications. Homogenization was in 3 volumes of KCl, 
the washings were usually with water with 20 to 30 minutes of 
centrifugation, and the final precipitate was resuspended in 0.2 
to 0.3 of the original homogenate volume with water. These 
preparations were not stable for storage when frozen. 


* This investigation was supported in part by a research grant 
(No. G-3442) from the National Institutes of Health, United States 
Public Health Service. 

t Special Trainee of the National Institutes of Health. Present 
address, Department of Microbiology, Vanderbilt University 
School of Medicine, Nashville 5, Tennessee. 


UDP-transglucuronylase was followed in most of the experi- 
ments with guinea pig liver by measurement of o-aminophenol 
conjugation, with the final incubation volumes reduced to 0.2 
ml (1). Saturation of the enzyme with o-aminophenol was found 
at 0.5 mM, and near saturation with UDP-glucuronic acid at 
4.0mm. A modification of the method of Isselbacher (6), which 
measures p-nitrophenol disappearance, was used for most of the 
rat microsome studies. The system contained 0.03 ml of 0.7 
mM p-nitrophenol in 0.5 m phosphate buffer (pH 7.5), 0.03 ml of 
1.1 mm UDP-glucuronic acid, and 0.04 ml of rehomogenized 
microsomes, final volume, 0.1 to 0.15 ml. The tubes were in- 
cubated at 37° with shaking. The reaction was stopped by the 
addition of 0.4 ml of 0.2 Nn trichloroacetic acid. After centrif- 
ugation and addition of 0.02 ml of 10 n KOH to the supernatant 
fluid, the color was read at 400 mu. Suitable controls were al- 
ways included, and all experiments were run in duplicate. 

Preparation of Labeled U DP-glucuronic Acid—UDP-glucuronic 
acid dehydrogenase was partially purified by carrying a calf 
liver acetone powder extract through the first ammonium sulfate 
precipitation as described by Strominger et al. (7), dissolving the 
precipitate in a small volume of water and dialyzing overnight 
against 0.02 m sodium acetate (pH 5.9), centrifuging the 
dialyzed material and discarding any precipitate formed. 

A mixture of 0.86 umole of unlabeled UDP-glucose, 0.21 
umole of C'4-hexose-labeled UDP-glucose (200,000 c.p.m.) (8), 
4 umoles of DPN (pH 7), 50 umoles of sodium glycinate (pH 
8.7), 90 umoles of EDTA! (pH 7.7), and a large excess of UDP- 
glucose dehydrogenase in a final volume of 9.2 ml was adjusted 
to pH 8.6 to 8.8 with dilute ammonia and incubated at room 
temperature. The reaction was followed by reading the absorb- 
ancy of an aliquot at 340 my against an appropriate blank with 
no UDP-glucose added. After there was no further increase in 
absorbancy (30 minutes), the reaction was stopped by adjusting 
to pH _ 5 with acetic acid and placing the mixture in boiling water 
for 1 minute with constant stirring. The mixture was cooled, 
the denatured protein removed by centrifugation, and the 
precipitate washed with 2 ml of water plus a drop of 1 N acetic 
acid. Nucleotides were isolated by adsorption and elution of 
the combined supernatants from a column prepared with 3 ml 
of a 5% Norit A and 5% Celite suspension (2). The column was 
then washed successively with 5 ml of water, 3 ml of 0.01 m 
EDTA (pH 7), and 3 ml more of water. The nucleotides were 
eluted with 18 ml of 50% ethanol, and this solution was adjusted 
to pH 6.7 to 6.9 followed by evaporation to dryness in a vacuum 
at 30-40°. The UDP-glucuronic acid was obtained in pure form 
by paper electrophoresis and chromatography as described by 
Strominger and Mapson (9). Separation of the UDP-glucuronic 


1The abbreviation used is: EDTA, ethylenediaminetetra- 
acetate. 
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acid from DPN, DPN side products, and most of the UDP-glu- 
cose was achieved by paper electrophoresis for 2 hours at 14 volts 
per cm in 0.1 M ammonium acetate buffer (pH 5.2) containing 
0.001 m EDTA. The apparatus described by Markham and 
Smith (10) was used for this step. Further descending chro- 
matography of the UDP-glucuronic acid eluate for 45 hours in 
Solvent A removed any remaining traces of UDP-glucose. The 
area of paper corresponding to UDP-glucuronic acid was washed 
for 2 hours in 95% ethanol and then eluted with water. 

The purity of the radioactive UDP-glucuronic acid was con- 
firmed by chromatography in Solvent B. Only one radioactive 
spot was found, identical with a UDP-glucuronic acid standard. 
If EDTA was omitted during incubation with the crude UDP- 
glucose dehydrogenase, no UDP-glucuronic acid was formed and 
only non-nucleotide glucuronic acid was found. This was prob- 
ably due to pyrophosphatase activity in the crude calf liver ex- 
tract. 


RESULTS 


Studies with Rat Liver Microsomes—Addition of UDP-N- 
acetylglucosamine to rabbit liver microsomes produced a 60% 
increase in UDP-transglucuronylase activity, and serum albumin 
addition caused no further increase. Still larger increases were 
obtained with rat liver microsomes. Since UDP-transglucu- 
ronylase activity in rat liver is rather low, measurement of p- 
nitrophenol disappearance, which is a more sensitive method, 
was used. All of the experiments were done with freshly pre- 
pared microsomes, because rat liver microsomes lose most of their 
activity upon storage at —10°. 

An experiment showing the effects of different UDP-N-acetyl- 
glucosamine concentrations on rat UDP-transglucuronylase is 
shown in Fig. 1. Saturation was reached at about 0:3 mm. 
The relative specificity of this activation was confirmed by 
showing that chromatographically pure UDP-glucose, GDP- 
mannose, and uridine produced no activation. An increase in 
the rate of glucuronidation was produced by ATP when added 
alone or in the presence of excess UDP-N-acetylglucosamine. 
Very large activations were observed when both ATP and UDP- 
N-acetylgucosamine were added together (as high as 25-fold 
in some experiments). Some typical experiments are shown in 
Table I. It should be noted the combined effects of both nu- 
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Fic. 1. Effect of UDP-N-acetylglucosamine on p-nitrophenol 
glucuronidation by rat liver microsomes. Analyses as described 
in Methods and Materials. O——O, incubation for 60 minutes 
at 37° with shaking; @——@, same microsomes frozen, thawed, 
and washed in isotonic KCl, incubation for 90 minutes at 37° with 
3 times as much enzyme. 


DECREASE IN ABSORBANCY AT 400my 


Activation of Glucuronidation 


cleotides was more than additive in some cases. Small activa- 
tions were produced by AMP and UTP, and these two nucleo- 
tides also increased the effect of UDP-N-acetylglucosamine, but 
the increases were smaller than with ATP. Control experiments 


TABLE I 
Effect of nucleotide additions on rat liver microsomal 
UDP-transglucuronylase 


Analyses were with p-nitrophenol as described in Methods and 
Materials. 


time | at 400 mz actor 
min 

1 None 60 0.016 
UDP-N-acetylglucosamine | 60 0.052 3.2 
(1 mm) 
ATP (2 mm) 60 0.081 5.1 
UDP-N-acetylglucosamine | 37 0.421* | 26.3 
(1 mm) + ATP (2 mm) 
AMP (2 mm) 60 0.057 3.6 
UDP-N-acetylglucosamine | 60 0.168 10.5 
(1 mm) + AMP (2 mm) 
2 None 60 0.051 
UDP-N-acetylglucosamine | 60 0.125 2.5 
(0.9 mm) 
ATP (1.8 mm) 60 0.124 2.4 
UDP-N-acetylglucosamine | 60 0.263 5.2 
(0.9 mm) + ATP (1.8 
mM) 
ATP (9 mm) 60 0.139 2.7 
AMP (1.8 mm) 60 0.079 1.5 
3T None 20 0.018 
UDP-N-acetylglucosamine | 20 0.301 | 17 (24) 
(1 mm) + ATP (5 mm) (0.435) 
4 None 30 0.054 
UDP-N-acetylglucosamine | 30 0.158 2.9 
(1.4 mM) 
ATP (2 mm) 30 0.142 2.6 
UDP-N-acetylglucosamine | 30 0.330 6.1 
(1.4 mm) + ATP (2 mm) (0.489) | (9.0) 
UTP (2 mm) 30 0.075 1.4 
UDP-N-acetylglucosamine | 30 0.266 4.9 
(1.4mm) + UTP (2mm) 


* Calculated for 60 minutes. 
t No buffer added, all solution at pH 7. 
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without UDP-glucuronic acid showed no p-nitrophenol conjuga- 
tion with ATP or UDP-N-acetylglucosamine added individually 
or at the same time. 

EDTA produced an activation of rat liver UDP-transglucu- 
ronylase, rather than the inhibition observed with guinea pig 
(Fig. 2). The activation by UDP-N-acetylglucosamine and 
ATP was decreased from 3.6-fold to 2-fold with EDTA present 
at 10 mM. 

Preincubation experiments with rat liver microsomes showed 
that UDP-N-acetylglucosamine and ATP prevented the disap- 
pearance of UDP-glucuronic acid as measured by subsequent 
incubation with fresh rat or guinea pig microsomes and p-nitro- 
phenol. This indicated that the activation in rat liver might be 
due to a competitive substrate effect, the added nucleotides 
preventing UDP-glucuronic acid breakdown. If this were the 
case, then in the presence of excess UDP-glucuronic acid, there 
should be no further activation. The results of experiments to 
test this are shown in Fig. 3. It may be seen from the data of 
Experiments A and B that, even at high concentrations of UDP- 
glucuronic acid, absolute saturation of the enzyme with substrate 
was not obtained. However, at concentrations of UDP-glucu- 
ronic acid above 6.0 mm, at which there was near saturation with 
substrate, there was still a 1.6- to 2.3-fold increase in rates of 
glucuronidation produced by the addition of UDP-N-acetylglu- 
cosamine and ATP. Furthermore, this increase was produced 
by low levels of these nucleotides. The amounts of activation 
observed in these experiments were much lower than those 
found in the experiments in which the UDP-glucuronic acid con- 
centration was 0.17 to 0.34 mm (see Table I). Thus, it ap- 
peared that part but not all of the activation could be ex- 
plained by prevention of UDP-glucuronic acid breakdown. 

Studies with Guinea Pig Liver Microsomes—Guinea pig liver 
microsomes have a higher UDP-transglucuronylase activity than 
those of rat. The microsomes prepared in isotonic KCl could 
be stored at —10° for several weeks with little loss of activity. 
One preparation when tested with rethawing each time had 86% 
of the original activity after 3 days, 95% after 5 days, and 81% 
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Fig. 2. Effect of EDTA on UDP-transglucuronylase in guinea 
pig and rat liver microsomes. Incubation for 30 minutes with 


Shaking at 37°. Guinea pig—o-Aminophenol (0.75 mm), UDP- 
glucuronic acid (1.3 mm), UDP-N-acetylglucosamine (1.4 mm), 
liver microsomes, and EDTA incubated in 0.05 m potassium phos- 
phate (pH 7.4). Analyses as described in Methods and Materials. 
Rat—analyses with p-nitrophenol as described in Methods and 
Materials. UDP-glucuronic acid concentration was 0.28 mm. 
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Fig. 3. Activation of rat liver microsomal UDP-transglu- 
curonylase. Shaded bars without, empty bars with the addition 
of ATP and UDP-N-acetylglucosamine. The ATP and UDP-N- 
acetylglucosamine concentrations were, respectively, 2.0 and 1.4 
mo in A, 1.8 and 1.2 mm in B, 1.5 and 1.1 mm in C (i), and 15 and 
11 mm in C (ii). Analyses were with p-nitrophenol as described 
in Methods and Materials. Incubation time of 8 minutes in A 
and C, 5 minutes in B. 


after 6 days. Activation by UDP-N-acetylglucosamine was not 
very great, but was increased by further addition of the dialyzed 
18,000 X gsupernatant. The largest increase in UDP-transglu- 
curonylase found with guinea pig microsomes was 86% in the 
presence of excess UDP-N-acetylglucosamine and supernatant. 
Crystalline bovine serum albumin could replace the dialyzed 
supernatant, and this protein activation could be more clearly 
demonstrated with digitonin-solubilized microsomes (see next 
section). 

No evidence for the accumulation of any intermediates was 
found by preincubation with various combinations of UDP-glu- 
curonic acid, UDP-N-acetylglucosamine, microsomes, and dia- 
lyzed supernatant. When UDP-glucuronic acid, microsomes, 
and supernatant were incubated, the reaction mixtures boiled, 
and fresh microsomes, supernatant, and o-aminophenol added, 
there was no decrease in the amount of glucuronidation. This 
was found to be the case both in the presence and absence of 
UDP-N-acetylglucosamine. Thus, in the case of the guinea pig, 
the UDP-N-acetylglucosamine was not serving to protect the 
UDP-glucuronic acid from other enzymatic degradations. Ad- 
dition of ATP had no effect on the guinea pig UDP-transglucu- 
ronylase with or without added UDP-N-acetylglucosamine. 

EDTA over the concentration range from 1 to 20 mm produced 
a 50% inhibition of guinea pig o-aminophenol conjugation (Fig. 
2). Similar inhibition of p-nitrophenol conjugation without 
UDP-N-acetylglucosamine or ATP addition also was observed. 
UDP was inhibitory (70% at 2.7mm). However, UDP accumu- 
lation probably did not have any effect on the UDP-transglucu- 
ronylase, since the guinea pig microsomes contained an active 
UDP-phosphatase. No activation was produced by UDP-glu- 
cose (1.56 mm). Guinea pig microsomes lost only 20% of the 
original activity after 3 hours of incubation alone at 37°, and 
this decrease could be overcome by addition of UDP-N-acetyl- 
glucosamine and serum albumin. 

Solubilization of UDP-Transglucuronylase with Digitonin—The 
guinea pig enzyme could be “solubilized” by treatment of the 
microsomes with digitonin. Optimal solubilization was obtained 
by treatment of 1 part of resuspended microsomes with 1.5 
volumes of a 1% solution of digitonin (Merck, crystalline). 
After standing for 30 minutes with stirring in an ice bath, this 
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TABLE II 100 Exp. A 
Effect of bovine serum albumin on digitonin-solubilized ” / } ° 
UDP-transglucuronylase 
Analyses were by measurement of p-nitrophenol disappearance. Ya ‘\ 
Digitonin-solubilized enzyme was dialyzed overnight — 
> 100 lExp.B @ Standards for A and 
Absorbancy decrease = UDP-GA GA1-P/ \ U 
/ 
100 114 30 
None Serum albumin | \ / ( 
min | | 3 Py 
7 
1 50 0.017 | 0.089 (0.46%)* | 5.2 
| 0.117 (0.62%) | 6.9 Start Solvent front 
| or 
2 60 | 0.029 0.112 0.15%) 3.9 
| | Fig. 4. Distribution of radioactivity in chromatograms in 
3 90 0.047 | 0.118 (0.17% | 25 Solvent B. Incubation mixtures as described in text. Chromat- 
ograms were run on Whatman No. 1 paper cut as described by 


* Figures in parentheses are the final serum albumin concentra- 
tions in grams per 100 ml. 


mixture was centrifuged for 10 minutes at 10,000 x g. About 
40% of the original activity was found in the perfectly clear 
supernatant fluid, in contrast to the untreated UDP-transglucu- 
ronylase, which sedimented even without centrifugation. More 
activity could be extracted by a second digitonin treatment, but 
turbid supernatants were obtained after centrifugation at 
10,000 x g. Such preparations could be stored at —10°, al- 
though there was some loss of activity. UDP-N-acetylglucos- 
amine had little or no effect on the solubilized fractions, but a 
large activation was produced by serum albumin (Table II). 
Studies with Radioactive UDP-Glucuronic Acid—Experiments 
were extended with labeled UDP-glucuronic acid in order to 
establish more definitively which reactions were occurring in the 
microsomes. The general procedure was to incubate UDP-glu- 
curonic acid, rat liver microsomes, and other compounds at 37°. 
All the solutions were adjusted to pH 7 with dilute NHs, and 
no buffer was added. The reactions were stopped by adding 3 
volumes of 95° ethanol followed by acidification with acetic 


acid. The supernatant liquid plus four washings of the residue 


were evaporated to dryness at 30-40° after adjusting to pH 7 
with ammonia. The samples were then chromatographed in 
Solvent B. The results of three such experiments are shown in 
Fig. 4. In Experiment A, radioactive UDP-glucuronic acid and 
microsomes alone were incubated for 30 minutes. Most of the 
UDP-glucuronic acid disappeared and two new spots correspond- 
ing to glucuronic acid-1-P and glucuronic acid appeared. The 
only visible ultraviolet spot corresponded to free uridine. In B, 
an experiment run at the same time is shown. It was identical, 
except that UDP-N-acetylglucosamine and ATP were also 
added. The same new spots appeared and there was more free 
glucuronic acid and less glucuronic acid-1-P radioactivity. The 
glucuronic acid radioactive spot both with and without the other 
nucleotide additions was eluted and found identical with glucu- 
ronic acid standards upon rechromatography in Solvent A. In 
Experiment C, a longer incubation experiment (60 minutes) with 
added UDP-N-acetylglucosamine and ATP is shown. There 
was no ultraviolet spot visible corresponding to UDP-glucuronic 
acid and all the radioactivity was in spots corresponding to glu- 
curonic acid-1-P and glucuronic acid. The glucuronic acid spot 
was found to move the same as a glucuronic acid standard in 


Matthias (11). Radioactivity was determined by cutting each 
strip into 1.8-sq. em. pieces, and these were counted individually 
in a windowless flow counter. Pieces containing significant 
radioactivity were cut in half and each part recounted. In Ex- 
periment C, the numbers, 114 and 302, refer to the radioactivity 
in counts per minute found at those positions on the chromato- 
graphic strip. UDP-glucuronic acid standards were located with 
an ultraviolet lamp and the sugars by alkaline AgNO; (12) with 
1.5 N KOH in ethanol in place of 0.5 N and with heating of the paper 
over a steam bath in order to reveal glucuronic acid-1-P. The 
abbreviations used are: GA-1-P, glucuronic acid-1-phosphate; 
GA, glucuronic acid; UDP-GA, uridine diphosphate glucuronic 
acid; U, uridine. 


tert-amyl alcohol-formie acid-water (4:1:1.5) (13), which sepa- 
rates glucuronic acid from iduronic acid. 

The addition of p-nitrophenol to an incubation mixture of 
radioactive UDP-glucuronic acid, microsomes, UDP-N-acetyl- 
glucosamine, and ATP produced a large increase in the radioac- 
tive spot corresponding to glucuronic acid. In this experiment, 
there was hardly any radioactivity corresponding to glucuronic 
acid in the mixture incubated without the addition of the phenol. 
The formation of free glucuronic acid could have been caused by 
8-glucuronidase in the microsomal preparations, and the pres- 
ence of this enzyme was in fact shown by measurement of phenol- 
phthalein 8-glucuronide hydrolysis at pH 7.1 by the method of 
Fishman et al. (14). DeDuve eé al. (15) previously had shown 
that a portion of rat liver B-glucuronidase is present in the micro- 
somal fraction. UDP-N-acetylglucosamine and ATP had no 
effect on this hydrolytic action. 

Measurement of Phosphatase Activities—More evidence on the 
nature of the reactions being studied was obtained by measuring 
the liberation of inorganic phosphate. This data is summarized 
in Table III. At pH 7.6 in Tris-maleate buffer, inorganic phos- 
phate was released by washed rat liver microsomes from UDP- 
glucuronic acid, ATP, UDP-glucose, UDP-N-acetylglucosamine, 
UMP, UDP and UTP, whereas N-acetylglucosamine-1-P and 
glucuronic acid-1-P were not hydrolyzed. However, with no 
buffer added, the microsomes hydrolyzed glucuronic acid-1-P 
slowly at pH 7. 


DISCUSSION 
The enzymatic reactions shown to occur in rat liver micro- 
somes in the present investigation are summarized in diagram 
D 1. 
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TABLE III 


Liberation of inorganic phosphate by action of rat liver 
microsomes 
Substrates plus microsomes were incubated in a final volume of 
0.1 ml in 0.1 m Tris-maleate buffer (pH 7.6) at 37° with shaking. 
Reactions were stopped by addition of 0.1 ml of 1 N trichloroacetic 
acid and inorganic phosphate determined by the method of Fiske 
and SubbaRow (16) with final volumes reduced to 0.5 ml. 


pmoles hrs umoles 

UDP-glucuronic acid.........; 0.23 1 0.20 
UDP-glucuronic acid.......... 0.11 1 0.09 
UDP-glucuronic acid.......... 0.11 2 0.11 
UDP-glucuronie acid.......... 0.11 3 0.10 
UDP-N-acetylglucosamine....| 0.28 1 0.14 
UDP-glucose.................. 0.25 1 0.37 
N-Acetylglucosamine-1-P......| 0.34 1  <0.01 
Glucuronic acid-1-P........... 0.31 1 0.00 
Glucuronic acid-1-P........... 0.31 3 <0.02 
Glucuronic acid-1-P........... 0.28 0.00 
Glucuronic acid-1-P........... 0.28 1f 0.00 
Glucuronic acid-1-P........... 0.28 lf 0.03 

* Whole homogenate tested. 

t Incubation in 0.05 m Tris-maleate (pH 7.1). 

t Without buffer at pH 7. 

UDP-glucuronic acid-pyrophosphatase, UMP-phosphatase, 


and glucuronic acid-1-P-phosphatase activities also have been 
found in rat kidney particulates (17) and in soluble extracts 
from rat skin (18). UDP-N-acetylglucosamine inhibited UDP- 
glucuronic acid breakdown in skin extracts. 

A large part of the activation produced by UDP-N-acetylglu- 
cosamine and ATP on the rate of glucuronidation can be ex- 
plained by inhibition of UDP-glucuronic acid breakdown by 
microsomal pyrophosphatase. Inasmuch as UDP-glucuronic 
acid, ATP, and UDP-N-acetylglucosamine are hydrolyzed by 
the microsomes, presumably there is a competition of each of the 
substrates for the pyrophosphatase site. The increased activa- 
tion by ATP in the presence of excess UDP-N-acetylglucosamine 
and lack of activation by other nucleotides may indicate the 
presence of more than one enzyme with this hydrolytic activity. 


Glucuronic acid + P 


B. M. Pogell and L. F. Leloir 
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However, the facts that (a) an activation still existed in rat liver 
microsomes in the presence of near excess UDP-glucuronic acid, 
(6) there was no measurable UDP-glucuronic acid disappearance 
in preincubation experiments with guinea pig liver microsomes, 
and (c) there was a specificity of the nucleotides involved, point 
to an additional activation of another sort. 

The inhibition by EDTA of glucuronidation in guinea pig and 
activation in rat liver microsomes may be explained by EDTA 
inhibition of both pathways of UDP-glucuronic acid metabolism. 
When guinea pig liver microsomes and UDP-glucuronic acid 
were incubated together, no destruction of UDP-glucuronic acid 
was found. Presumably, there was little or no pyrophosphatase 
activity in these microsomal preparations. Therefore, the 
EDTA inhibited the UDP-transglucuronylase and decreased the 
amount of phenol conjugated. However, in the rat, where there 
is an active pyrophosphatase, the major effect of EDTA may be 
an inhibition of this enzyme with resultant inhibition of UDP- 
glucuronic acid disappearance and hence apparent activation of 
glucuronidation. The decreased activation by UDP-N-acetyl- 
glucosamine and ATP in the presence of EDTA and decreased 
breakdown of radioactive UDP-glucuronic acid in the presence 
of EDTA support this explanation. It is interesting that even 
high levels of EDTA did not cause complete inhibition of guinea 
pig liver microsomal UDP-transglucuronylase. 

The increased radioactivity in glucuronic acid and decreased 
amount in glucuronic acid-1-P found in the presence of UDP-N- 
acetylglucosamine and ATP may be explained by formation of 
glucuronic acid by the combined actions of UDP-transglucu- 
ronylase and #-glucuronidase. The added nucleotides would 
inhibit the pyrophosphatase and allow more UDP-glucuronic 
acid to be metabolized through this alternate route. This as- 
sumes the presence of endogenous phenol acceptors in the micro- 
somes. 

The hydrolysis of UDP-glucuronic acid by microsomes prob- 
ably represents a major source of glucuronic acid for ascorbic 
acid formation in liver. Preliminary evidence for glucuronic 
acid-1-P formation from UDP-glucuronic acid by microsomes 
also was reported recently by Evans et al. (19). It is of interest 
that with one exception all of the enzymes necessary for the 
conversion of UDP-glucuronic acid to ascorbate by the sequence 
of reactions shown below have been found to be present in rat 
liver microsomes (20-25). UDP-glucuronic acid — glucuronic 


acid — p-glucuronolactone — L-gulonolactone a ascorbate. 
The only enzyme not present is that which catalyzes the re- 
duction of glucuronic acid and its lactone by TPNH to t-gulo- 


Phenol + glucuronic acid 


| phosphatase 8-glucuronidase | 
Glucuronic acid-1-P Phenylglucuronide 
hosphatas + phenols | 
UDP-transglucuronylase 

UM UDP 
| phosphatase phosphatase | 

Uridine + P Uridine + 2 P 


DIAGRAM 1 
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nate and its lactone, which was found in the soluble fraction 
(20, 24). There is one report, however, by Chatterjee et al. 
(26) of the direct conversion of p-glucuronolactone to ascorbate 
by goat liver microsomes. This reaction occurred only in the 
presence of cyanide. It is therefore conceivable that a direct 
pathway may exist in vivo in liver microsomes for the conversion 
of UDP-glucuronic acid to ascorbate. 


SUMMARY 


1. Addition of uridine diphosphate N-acetylglucosamine and 
adenosine triphosphate was found to produce a large increase of 
uridine diphosphate-transglucuronylase activity in rat liver 
microsomes. Part of the activation was caused by inhibition 
of uridine diphosphate glucuronic acid breakdown to glucuronic 
acid-1-phosphate, glucuronic acid, and uridine, but there was an 
additional, as yet unexplained, increase. Other sugar nucleo- 
tides could not replace uridine diphosphate N-acetylglucosamine, 
and uridine triphosphate or adenosine monophosphate were less 
effective than adenosine triphosphate. 

2. Guinea pig liver microsomal uridine diphosphate-transglu- 
curonylase was activated, but ‘to a lesser extent, by uridine 
diphosphate N-acetylglucosamine, by dialyzed liver supernatant 
fluid, and by bovine serum albumin. The enzyme could be 
solubilized by treatment with digitonin. 

3. Washed rat liver microsomes were shown to contain hy- 
drolytic activity toward a large number of nucleotides and also 
8-glucuronidase activity. 

4. Ethylenediaminetetraacetate inhibited glucuronidation by 
guinea pig liver microsomes, but activated the system in rat liver. 

5. The nature of these reactions is discussed. 

Acknowledgments—We wish to thank Miss Clara Krisman for 
excellent technical assistance. 
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Impaired ability to store glycogen in the liver in various forms 
of experimental diabetes has frequently been observed (1-4). 
Until recently it has been assumed that this results from a de- 
creased amount of hexose monophosphate available in the dia- 
betic liver, as verified by measurements of hepatic glucose 6- 
phosphate concentration. However, within a few hours after 
the administration of insulin to diabetic rats, glycogen accumu- 
lates rapidly in the liver, and during this time it is not possible to 
demonstrate an increase in the glucose-6-pool. On the contrary, 
a slight decrease occurs (4). It has been postulated, therefore, 
that insulin in vivo may in some manner affect reactions directly 
concerned with glycogen synthesis in the liver. 

The recent description by Leloir and Cardini (5) of an enzyme 
in liver which catalyzes the transfer of glucosyl units from uridine 
diphosphate glucose to a glycogen primer has provided the basis 
for the current view that glycogen synthesis can occur in animal 
tissues without participation of the classical phosphorylase 
system. Villar-Palasi and Larner (6), and Robbins e¢ al. (7) 
have demonstrated this pathway in skeletal muscle, and we have 
observed similar activity in heart muscle preparations.! Leloir 
and Goldemberg (8) have studied the properties of partially 
purified enzyme preparations from rat liver and have called the 
enzyme “glycogen synthetase.” 

In the present experiments, glycogen synthetase activity and 
glucose-6-P concentration of homogenates of livers from diabetic 
animals have been examined before and after treatment of the 
animals with insulin. The effects in normal animals of glucagon 
and glucocorticoids, hormones which are known to influence the 
metabolism of glycogen in the liver, have also been studied. 
This paper includes these results as well as a brief description of 
the assay technique employed and some observations regarding 
the inhibitory effect of 2-deoxyglucose-6-P upon activation of 
synthetase activity by glucose-6-P and certain analogous com- 
pounds. 


EXPERIMENTAL PROCEDURE 


ATP, UTP, UDP-glucose, glucose-6-P, fructose - 6-P, 
yeast hexokinase (grade III), and glucose-6-P dehydrogenase 
were obtained from the Sigma Chemical Company. 2-Deoxy- 
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t Present address, Department of Biochemistry, University of 
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glucose was obtained from the Mann Chemical Company and 
uniformly labeled glucose-C™ from the Volk Chemical Company. 
UDP-glucose dehydrogenase was prepared from rat liver acetone 
powder by the method of Strominger e¢ al. (9), uridyl transferase 
from brewers’ yeast by the method of Munch-Petersen (10), and 
phosphoglucomutase from rabbit muscle by the method of Najjar 
(11). Blood glucose was determined by the glucose oxidase 
technique.” 

Glycogen was prepared from frozen rat livers by extraction 
with cold trichloroacetic acid and precipitation with ethanol by a 
method similar to that described by Stetten et al. (12). Glycogen 
labeled with C4 was obtained by giving fasted rats two injections 
3 hours apart of approximately 20 ue of glucose-C" in 3 ml of 5% 
dextrose solution. After about 5 hours, the animals were killed 
and the liver glycogen prepared as described above. 

Glucose-C™ was converted to glucose-6-P with yeast hexoki- 
nase and isolated by standard procedures. Glucosamine-6-P 
and 2-deoxyglucose-6-P were prepared from glucosamine and 
2-deoxyglucose in the same manner and were purified by chro- 
matography on Dowex 1. UDP-glucose-C™ was prepared by a 
two step procedure from glucose-C™ by incubation first with 
excess ATP, MgCl, and yeast hexokinase, and then with UTP, 
uridyl transferase, and phosphoglucomutase. The product was 
purified by chromatography on Dowex -1 by a modification of the 
procedure of Hurlbert and Potter (13). Contamination of the 
product by free labeled glucose or glucose-6-P was excluded by 
assay with glucose oxidase and glucose-6-P dehydrogenase. 

Preparation of Animals—Female Sprague-Dawley rats of the 
Pullman strain from our colony were used for all experiments. 
Animals were fed a standard Purina Chow diet supplemented 
with vegetable leaves. Alloxan diabetes was induced, after a 
48-hour fast, by the intravenous injection of 35 mg per kg of 
alloxan monohydrate dissolved in water. Diabetic animals were 
not used until at least 3 weeks had elapsed after the injection, to 
permit recovery from the acute toxic effects of alloxan. The 
severity of the diabetes was judged by the growth rate and blood 
glucose levels of the animals. 

Preparation of Homogenates—Immediately after decapitation 
and exsanguination, livers were excised and chilled in ice-cold 
0.15 m KCl solution. An aliquot was weighed and then homoge- 
nized with 10 volumes of ice-cold 0.3 M sucrose and 0.005 m eth- 

ylenediaminetetraacetic acid (pH 7.4) in a glass homogenizer with 
a Teflon pestle in an ice bath. The homogenate was centrifuged 


2 Unpublished method of Dr. Y. D. Halsay. 
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at 700 x g for 10 minutes to sediment nuclei and unbroken cells. 
The supernatant, which contained all the activity, was used for 
assay after appropriate dilution. Glycogen was determined 
immediately after preparation of homogenates with the use of the 
modified anthrone reagent of Roe (14) after digestion by the 
method of Good et al. (15). For determination of glucose-6-P, 
11 ml of iced homogenate were immediately added to 5 ml of 
ice-cold 20°% trichloroacetic acid and the extraction procedure 
followed as described previously (4). The glucose-6-P dehydro- 
genase assay system was modified by addition of 50 uM so- 
dium azide to inhibit glutathione reductase (16), which pro- 
moted the reoxidation of TPNH by small amounts of glutathione 
remaining in the extracts after preparation. This addition per- 
mitted the accurate estimation of known amounts of glucose-6-P 
in combination with small amounts of glutathione, with lots of 
glucose-6-P dehydrogenase having much higher glutathione re- 
ductase activity than was encountered in the preparations used 
for previous work. 

Assay System—Incubations were carried out at 37° in Tris 
buffer at pH 7.4. The system included 6.0 umoles of glycogen, 
0.15 umole of uniformly labeled 10 uwmoles of 
Tris buffer (pH 7.4), and 25 or 50 wl of enzyme preparation. The 
total volume of the reaction mixture was 150 wl. To provide 
maximal stimulation of activity in certain experiments, 1.0 
umole of glucose-6-P was added to the above mixture. When 
glucose-6-P was included, the homogenate was diluted three- to 
four-fold before assay. After incubation, the reaction was 
stopped by addition of 1 ml of 30° KOH. Carrier glycogen 
(4 mg) was then added and the tubes heated for 5 minutes at 
100°. After cooling in an ice bath, 2 ml of 95°% ethanol were 
added with vigorous stirring to initiate glycogen flocculation. 
Tubes were warmed in a 60° water bath for 5 minutes to promote 
flocculation, cooled, and centrifuged at 5°; the supernatant was 
discarded. The glycogen was dissolved in 1 ml of water and 
again precipitated with 2 ml of 95°7 ethanol. Losses of glycogen 
in this isolation procedure did not exceed 1 to 2% as determined 
by the anthrone method. The precipitated glycogen was dis- 
solved in 1 ml of 1 N HCl and heated to 100° for 20 minutes to 
hydrolyze the glycogen partially. The hydrolysates were evap- 
orated to dryness in a vacuum and dissolved in 0.7 ml of water, 
and an 0.5-ml aliquot was transferred to a glass counting vial 
containing 10 ml of Polyether 611 (17). Counts were recorded 
in a Packard liquid scintillation counter with approximately 52% 
counting efficiency. It was necessary to count samples within 
60 minutes after addition of the 0.5-ml aliquot to the Polyether 
611 because of slow loss of counts because of precipitation from 
the phosphor. A small initial loss in counting efficiency was 
corrected by appropriate standard blanks. More prolonged 
hydrolysis of the glycogen samples did not appear to improve the 
counting efficiency. Results were expressed in umoles of glucose- 
C* incorporated per g of wet weight liver per hour. 

UDP-glucose disappearance was measured by substituting 
nonlabeled UDP-glucose in the assay system described above. 
The reaction was terminated by heating the tubes for 1 minute 
at 100°. UDP-glucose was determined with UDP-glucose de- 
hydrogenase. 


RESULTS 


Characteristics of Assay System—When homogenates were 
diluted appropriately before assay, the rate of incorporation of 
radioactive glucose from UDP-glucose-C™ into glycogen was 
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characteristic of a first order reaction to levels as high as 40 to 
45% incorporation, and the rate was linearly proportional to the 
amount of the homogenate added. The values for rate of dis- 
appearance of UDP-glucose were considerably higher than the 
corresponding values for rate of incorporation of radioactivity 
into glycogen. The reasons for this were not investigated in 
detail. However, the assay system was examined for arti- 
facts which could arise from rapid release of labeled glucose 
from glycogen formed during the incubation period. The 
loss of counts during the incubation period from a glycogen 
primer which had been previously labeled with glucose-C™ 
amounted to less than 4% of the total radioactivity of the gly- 
cogen sample. Amylase activity of the enzyme preparations, 
measured under the same conditions as those employed for the 
assay by the method of Stein and Fisher (18), was too small to 
account for this slight degradation. Phosphorolysis of glycogen 
in the presence of small amounts of inorganic phosphate present 
in the homogenates was probably responsible for this loss, and 
was eliminated by dialysis of the homogenates before assay. 
However, dialysis, even for only 4 hours, caused a marked loss of 
synthetase activity in both the presence or absence of EDTA, 
and activity could not be restored by addition of glutathione, 
cysteine, or metal ions to the reaction mixture. It was necessary, 
therefore, to use nondialyzed preparations for reliable assay of 
tissue enzymatic activity, and to ignore the relatively minor error 
arising from glycogenolysis. 


Maximal rates of incorporation as high as 130 wmoles per hour 


per g of wet weight of liver were obtained, exceeding the esti- 
mated normal rate of glycogen deposition in liver in vivo after 
glucose administration. Fractionation of the microsomal ma- 
terial, which contained approximately 85% of the synthetase 
activity, revealed a striking correlation of the enzymatic activity 
of each fraction with its content of glycogen, in accord with 
observations by Leloir and Goldemberg (8) of binding of this 
enzyme to glycogen or glycogen-containing particles. 

Effect of Glucose-6-P and 2-Deoxyglucose-6-P upon Enzymatic 
Activity—We have confirmed the stimulation of synthetase 
activity by glucose-6-P and certain analogues with both liver and 
heart muscle preparations. This effect was first observed in 
muscle preparations by Leloir et al. (19). Larner et al. (20) 
reported similar findings regarding the enzyme from muscle, and 
Leloir and Goldemberg (8) have recently noted this effect with 
partially purified enzyme preparations from rat liver. In our 
experiments, glucose-6-P effected increased incorporation of 
radioactivity into glycogen, as well as increased disappearance of 
UDP-glucose from the reaction mixture. However, as noted by 
Leloir et al. (19), no radioactivity appeared in glycogen when 
incubations were carried out with glucose-C“-6-P and nonlabeled 
UDP-glucose. 

Activation by glucose-6-P, fructose-6-P, and glucosamine-6-P 
was competitively inhibited by 2-deoxyglucose-6-P as illustrated 
in Fig. 1, and when glucose-6-P was not added to the reaction 
mixture, 2-deoxyglucose-6-P virtually abolished the activity of 
either homogenates or microsomal preparations. To determine 
whether activation might require only a brief exposure of the 
enzyme to a high concentration of glucose-6-P, experiments were 
carried out in which TPN was added to the reaction mixture in 
amounts sufficient to promote rapid oxidation of the glucose-6-P 
added to the mixture by glucose-6-P dehydrogenase present in 
the homogenates. These results, illustrated in Fig. 2, clearly 
indicate that removal of glucose-6-P from the reaction mixture 
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after activation has occurred results in marked reduction of in- 
corporation of radioactivity into glycogen. These findings and 
those of Leloir et al. indicate that glucose-6-P and several ana- 
logues may serve as essential cofactors for the glycogen synthetase 
reaction. Further purification of the enzyme will undoubtedly 
permit clarification of this important point. 

Glycogen Synthetase Activity of Livers from Normal and Diabetic 
Rats—Data from several experiments, summarized in Table I, 
indicate that the glycogen synthetase activity of diabetic livers 
was significantly higher than the activity of normal livers when 
measured after maximal activation by addition of excess glucose- 
§-P to the assay system. Since the diabetic liver is enlarged 
relative to the body weight (4), the total enzymatic activity of 
the organ is actually increased considerably more than these data 
indicate. On the other hand, the enzymatic activity without 
glucose-6-P addition was significantly lower in the diabetic group 
(Table I). This difference may reflect the lower concentration 
of glucose-6-P in the homogenates from diabetic livers (Table I). 
However, the enzyme preparations were diluted approximately 
30-fold in the process of assay, so that the final concentration of 
glucose-6-P was often less than 10-° m in the assay mixture. 
There was no correlation of the variations in activity with the 
glycogen content of the homogenates, and such a relationship 
would not be anticipated, since a considerable excess of glycogen 
was included in the assay system. Although it is tempting to 
speculate that the observed activity without added glucose-6-P 
may closely represent the activity in vivo, the possibility must 
also be considered that multiple artifacts were introduced by the 
process of homogenization, dilution, and assay. Nevertheless, a 
decrease in activation of this pathway in vivo, rather than a 
deficiency of glycogen synthetase per se, could account for the 
decreased storage of glycogen in the diabetic liver. 


\O- 
08- 
04- 
Without 2-Deoxyglucose-6-P 
a24 e- &5x10-°M 2-Deoxyglucose-6-P 
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4- &5x10°3M 2-Deoxyglucose-6-P 
1.75 7.0 14.0 


1/Conc. Glucose -6-Px 10° 


Fic. 1. Competitive inhibition by 2-deoxyglucose-6-P of the 
activation of glycogen synthetase by glucose-6-P. Reciprocal 
plot by the method of Lineweaver and Burk (21). The incuba- 
incubation system is described under ‘‘Experimental Procedure.’’ 
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Fic. 2. The effect of addition of TPN to the reaction mixture 
upon incorporation of glucose-C'* from UDP-glucose-C™ into 
glycogen. Excess TPN was added to promote rapid oxidation of 
added glucose-6-P via the glucose-6-P dehydrogenase pathway. 
The arrow indicates the time of addition of TPN. The incuba- 
tion system is described under ‘‘Experimental Procedure.”’ 


TABLE I 
Glycogen and glucose-6-P concentration and glycogen 
synthetase activity of liver homogenates 
Assay and preparation of animals were carried out as described 
under ‘‘Experimental Procedure.’’ 


i Rate of incorporation of 
glucose-C'4 into glycogen Glucose-6-P_ Glycogen 
Group pec concentration in) concentration 
mals Without added) With excess | Pomosenate homogenate 
glucose-6-P glucose-6-P 
| | pmoles/e | flucose/ 
Normal- 
5 4.4 + 0.2T 89 + 4.170.41 + + 2.4 
Normal- 
fasted....| 12 (2.6 + 0.2 | 99 + 1.970.088 + 0.01) 7.1 + 0.9 
Diabetic- 
17 1.7 + 0.27132 + 6.07'0.18 + 0.02/23.3 4+ 2.2 


* + Standard error of the mean. 
Tt p <0.001. 


Effect of Insulin in Diabetic Rats—Fig. 3 demonstrates the 
profound effect of insulin injection upon glycogen storage in the 
livers of rats with alloxan diabetes. It is of interest that glycogen 
did not begin to increase until 1 or 2 hours after injection of 
glucagon-free insulin, in contrast to the immediate effect of 
insulin upon glucose uptake and glycogen deposition in other 
tissues such as muscle or adipose tissue. The data in Table II 
indicate that glycogen synthetase activity increased significantly 
at 2 and 4 hours after the injection of insulin. Since the maximal 
activity, 2.e. the activity with excess glucose-6-P, was increased 
significantly, it may be postulated that insulin causes an increase 
in the total amount of active enzyme present in the cells. How- 


to 

e | 
S- 
he 

in 
se 

he 
ly- | 
ns, 

he | 

to 
ont 

nd | 
of 

ne, 

of 

ror 

| 

ter 

1a- 

ase 

nity 

ith 

atic 

ase 
and 
1 in 

20) 

and 

vith 

our 

eof 

by | 
shen 

led 
-§-P 

ated 

tion 

y of 

ine 

the 

were 
»-6-P 

t in 

early 


302 


Glycogen mg. Glucose/gm. liver 
o 


2 4 io 2 4 6 
Time in hours 


Fia. 3. The effect of injection of insulin upon the liver glyco- 
gen concentration of rats with alloxan diabetes. A response did 
not appear until approximately 2 hours after insulin injection. 
The animals were fed ad libitum and were treated by injection 
with 4 units per 100 g of glucagon-free insulin (Novo); the ani- 
mals killed at 7 and 14 hours also received 5 units of protamine- 
zine insulin (Lilly). 


ever, there was a five- to six-fold increase in the activity observed 
without added glucose-6-P (Table II), a rise of much greater 
magnitude than the increment in the maximal activity, which 
amounted to only approximately 60%. Moreover, the con- 
centration of glucose-6-P remained essentially unchanged in the 
homogenates prepared from livers after insulin injection (Table 
II), as reported previously (4). Thus the possibility of stim- 
ulation of enzymatic activity in vitro by an increased concen- 
tration of glucose-6-P appears to be ruled out. Perhaps acti- 
vating substances other than glucose-6-P are formed in increased 
amounts in the diabetic liver after insulin treatment. 

Insulin added in vitro did not affect synthetase activity except 
for slight inhibition at high concentrations. Tolbutamide in 
concentrations as high as 5 X 10-* m was also without effect upon 
the synthetase system in vitro. Control experiments were also 
carried out in which glucagon was administered to diabetic rats, 
in order to exclude the possibility that the changes observed with 
insulin might result from glucagon contamination of the insulin 
preparations. No significant change in synthetase activity was 
noted (Table II). 

Effect of Glucocorticoids in Normal Rats—The important role of 
the glucocorticoids of the adrenal cortex in maintaining hepatic 
glycogen stores during fasting is now generally accepted (22), 
and it has been demonstrated that increased fasting levels of 
glycogen can be produced by the administration of glucocorti- 
coids to normal animals (23). Moreover, Hyde has shown that 
the rise in liver glycogen begins 3 to 4 hours after administration 
of radioactive hydrocortisone, and at this time the liver no longer 
contains detectable amounts of the radiosteroid (24). 

Several experiments were carried out to determine whether 
glucocorticoids affect glycogen synthetase activity. Normal 
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fasted rats were injected with 1 mg of prednisolone phosphate 5 
hours before they were killed. As shown in Table III, part 4, 
in a typical experiment a significant increase in blood glucose 
concentration and liver glycogen occurred, but there was no 
alteration in the activity of glycogen synthetase. There was aq 
marked increase in the concentration of glucose-6-P in the ho. 
mogenates, as might be anticipated, since it is generally accepted 
that glucocorticoids increase gluconeogenesis from protein pre. 
cursors (25). When cortisone acetate was administered over a 
period of 4 days before the rats were killed, a 30% increase jn 
glycogen synthetase activity also appeared (Table III, part A), 
However, increased glycogen deposition clearly preceded this 
slight increase in activity, which therefore must be regarded as q 
secondary effect, similar in some respects to the adaptive rise ip 
hepatic glucose 6-phosphatase activity which occurs with pro- 
longed administration of glucocorticoids (26, 27). 

Effect of Glucagon in Normal Rats—Both glucagon and epineph- 
rine have been demonstrated to activate the phosphorylase 
mechanism (28, 29) and thereby to acutely lower liver glycogen 
and increase blood glucose concentration. Twenty-four hours 
after glucagon administration, liver glycogen levels are super- 
normal (30) and chronic administration of glucagon leads to 
negative nitrogen balance, hyperglycemia, and glycosuria—ef. 
fects similar to those of glucocorticoid excess (31). 


the UDP-glucose pathway. Table III, part B, illustrates the 
lack of effect of glucagon upon synthetase activity 2 hours after 
injection into fasted normal rats. Chronic administration for 3 


It was there- 
fore of particular interest to examine the effect of glucagon upon | 


days produced a 43% rise in synthetase activity, which was quite . 
comparable to the effect observed with prolonged treatment with | 


cortisone acetate. 


TABLE II 


Results of insulin or glucagon administration 
to rats with alloxan diabetes 


Animals were treated by subcutaneous injection with glucagon- 


free insulin (Novo) or glucagon in the dosages indicated. Prep- 
aration of homogenates and assay conditions were as described 
under ‘‘Experimental Procedure.’’ 


Time Me of iGlucose-6-P | glu- 

after concen- |~ cose 

Injections | ani- tration in | “OD iM | con. 

mals homo- 
tion Without With homogenate genate cen- 
added glu-| tration 
cose-6-P | 8*ucose 

Saline 2 10 1.5 137 0.20 23.6 428 
+ + 11.3f| + 0.01!) + 3.4 

Insulin, 4 | 2 7 | 10.0 236 0.16 35.9 259 
units + 0.9f| + 14.6f) + 0.03} + 1.1 

Glucagon,| 2 6 2.0 151 0.18 16.1 397 
0.2 mg + 0.44 + 16.7) + 0.02) + 3.8 

Saline 4 4 2.4 136 0.13 17.0 367 
+ 0.3 + 8.3) +0.01) +1.7 

Insulin, 4 | 4 4 | 12.0 0.14 41.5 176 
units 2| + 11.6 +£0.01} + 1.5 


* + Standard error of the mean. 
tp < 0.001. 
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TABLE III 
Results of injection of glucocorticoids or glucagon into normal rats 


In the first experiment with glucocorticoids, normal rats fasted 
for 24 hours received 1 mg of prednisolone phosphate subcuta- 
neously 5 hours before they were killed. In the second experi- 
ment animals received 2.5 mg of cortisone acetate intramuscularly 
each afternoon for 4 days and were then fasted 22 hours before 
they were killed the following morning. In the first experiment 
with glucagon, normal rats received 0.2 mg of glucagon (Lilly) 
per 100 gm of body weight subcutaneously 2 hours before they 
were killed. In the second experiment, 0.3 of mg glucagon per 
100 g of body weight was injected every 8 hours for 3 days. On 
the morning of the 4th day, the animals were killed 4 hours after 
the last glucagon injection. Food was not withheld. All con- 
trol animals were injected with corresponding volumes of isotonic 


NaCl solution. Preparation of homogenates and assay conditions 
were as described under ‘‘Experimental Procedure.”’ 
Rate of incorpora- 
tion of glucose-C'* 
Time inte | Glucose- |Glycogen) 
Injections centration tration — 
tion | ™ yoo = | genate | tration 
glucose-| glucose- 
6-P 6-P 
mg glu- 
hrs | cosele | 
A. Glucocor- 
ticoids 
Salinet..... 5 4 | 2.4 97 0.13 7.7 70 
+ 0.3.+ 0.7 | + 0.01) + + 1.5 
Predniso- 
lonef....| 5 4 | 3.7 | 100 0.32 20.6 96 
+ 0.6.4 2.4 | + 0.01) + + 1.5 
Salinef..... 96 4 132.2 93 0.06 4.7 86 
+ 0.2)+ + 0.02) + 0.1) + 3.0 
Cortisone- 
acetatet .| 96 4 |5.8 | 121 0.23 14.5 | 106 
+ 1.0)\+ 5.8t + 2.5 
B. Glucagon 
Salinef ....| 2 4 | 3.0 | 106 0.04 11.5 61 
+ 0.6/4 2.4} + 0.4 | + 5.7 
Glucagonf.| 2 4 | 2.7 96 0.06 12.4 93 
+ 4.2 |} + 0.02) + + 1.6 
Saline...... 76 5 | 4.4 89 0.41 56.6 | 1.03 
+ 0.2); 4.1f/ + 0.03) + 2.4) + 6.1 
Glucagon ..| 76 6 | 5.3 | 127 0.44 25.8 98 
+ 0.8/+ 4.6f, + 0.02) + 2.8) + 5.6 


* + Standard error of the mean. 
t Fasted 24 hours. 
tp < 0.001. 


DISCUSSION 


A number of investigators (7, 8, 19, 20) have presented evi- 
dence that the UDP-glucose pathway is favored for glycogen 
synthesis by thermodynamic considerations, and that it is inde- 
pendent of phosphorylase which, in its active form, can serve 
only as a degradative enzyme under the conditions present within 
living cells. Separation of synthetic from degradative pathways 
provides a scheme for glycogen metabolism which lends itself to 
delicate hormonal and metabolic regulation. In the case of the 
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phosphorylase system, it is well established that glucagon and 
epinephrine profoundly influence enzymatic activity. Evidence 
presented here indicates that the synthetic pathway also may be 
regulated by metabolic and endocrine factors, further empha- 
sizing its physiological importance. 

Studies of hepatic glucose-6-P have revealed that the concen- 
tration of this important intermediate fluctuates widely with the 
nutritional state and the presence or absence of diabetes (4). 
Leloir and Goldemberg (8) have suggested that the requirement 
of glycogen synthetase for glucose-6-P may thus serve as an im- 
portant control mechanism for this pathway in vivo. Such a 
mechanism could explain the increased deposition of glycogen in 
the liver after the administration of glucocorticoids or of glucose 
to fasted normal animals. Furthermore, since UDP-glucose is 
an important intermediate for several metabolic pathways other 
than glycogen synthesis, this mechanism would be advantageous 
in that the pathway to glycogen could be controlled relatively 

‘independently of the concentration of UDP-glucose. 

Of the hormones (insulin, glucagon, and glucocorticoids) which 
have been studied, only insulin caused a significant alteration in 
glycogen synthetase activity within a short period after admin- 
istration. A marked increase in activity in the livers of rats 
with alloxan diabetes coincided with a phase of rapid glycogen 
deposition in the liver which began in less than 2 hours after 
insulin treatment. This enzymatic alteration is believed to be 
the earliest which has been detected in the diabetic liver after 
insulin treatment, and it does not appear to be related to the 
inability of the diabetic liver to phosphorylate glucose, a defect 
which returns to normal only 6 to 24 hours after insulin therapy 
is initiated (32). Villar-Palasi and Larner (33) have recently 
observed increased glycogen synthetase activity in preparations 
of rat diaphragm after incubation of the diaphragm with insulin. 
Since both liver and muscle appear to be affected similarly by 
insulin in this respect, it is possible that further elucidation of the 
mechanism may indicate a primary enzymatic site of action of 
this hormone. 


SUMMARY 


1. The glycogen synthetase activity of homogenates of rat 
liver has been studied by means of a microassay which is based 
upon measurements of the rate of incorporation of glucose-C™ 
from uridine diphosphate glucose-C™ into glycogen. 

2. Stimulation of glycogen synthetase activity by glucose 6- 
phosphate, fructose 6-phosphate, and glucosamine 6-phosphate 
was inhibited competitively by 2-deoxyglucose 6-phosphate. In 
the absence of added glucose 6-phosphate, enzymatic activity 
was markedly reduced by addition of this inhibitor. Removal 
of glucose 6-phosphate by addition of triphosphopyridine nucleo- 
tide to assay mixtures also decreased incorporation of radio- 
activity into glycogen. This and other evidence suggests that 
glucose 6-phosphate or certain analogues may be essential co- 
factors for this reaction. 

3. Hepatic synthetase activity of rats with alloxan diabetes 
was higher than that of normal control animals when glucose 
6-phosphate was added to the assay mixture in excess. Without 
added glucose 6-phosphate, activity was significantly lower in 
the diabetic group. Treatment of diabetic rats with insulin 
resulted in a marked rise in hepatic synthetase activity within 2 
hours after injection, and coincident with rapid deposition of 
glycogen in the liver. Enzymatic activity was increased both 
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in the presence or absence of added glucose 6-phosphate 2 and 4 
hours after insulin, but the concentration of glucose 6-phosphate 
found in homogenates did not change. Addition of insulin in 
vitro was without effect. 

4. Administration of prednisolone to fasted normal rats 5 hours 
before they were killed resulted in a marked rise both in hepatic 
glycogen in vivo and glucose 6-phosphate concentration in liver 
homogenates. The synthetase activity was not changed. After 
daily injections of cortisone acetate for 4 days, a small but sig- 
nificant increase in enzymatic activity also appeared. 

5. Glucagon did not alter the synthetase activity of normal 
or diabetic rat livers when injected 2 hours before the rats were 
killed. Administration of this substance to normal rats for 3 
days resulted in a small but significant rise in synthetase activity. 

6. The data presented indicate that synthesis of glycogen from 
uridine diphosphate glucose may be regulated in part by hor- 
monal influences which may affect either the amount of active 
enzyme or the concentration of important activating substances 
such as glucose 6-phosphate. 


Acknowledgment—The authors are indebted to Mrs. Adele 
Hopkins for invaluable technical assistance. 
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A nonenzymatic transfer of a phosphoryl group from the poly- 
phosphate chain of adenosine triphosphate was first described 
in connection with the reaction shown in Equation 1. The 


++ 
ATP + orthophosphate = > ADP + pyrophosphate (1) 


reaction, which occurs under mild conditions and at low con- 
centrations of reactants, is absolutely dependent on the presence 
of bivalent metal ions, and is stimulated by univalent metal 
ions. The most effective bivalent metal ion was found to be 
Ca++. When Mn** ion was used to satisfy the bivalent metal 
ion requirement, the most effective univalent metal ion was 
found to be K+. The reaction was formulated as a nucleophilic 
attack of orthophosphate on a chelate of ATP and bivalent 
metal. Chelation increases the electrophilic character of the 
phosphorus atoms of ATP, and thus facilitates the nucleophilic 
attack by orthophosphate. The bivalent metal ion also screens 
the negative charges of ATP from those of the attacking mole- 
cule. Alkali metal ions stimulate the reaction by neutralizing 
the residual negative charges of the active chelate (1-3). The 
influence of metal ions on the acceptor molecule (orthophosphate) 
has not so far been studied. 

Carboxylic acids such as acetate, glycine, and @-alanine can 
act as acceptors in place of orthophosphate. When the reaction 
is run in the presence of hydroxylamine, the product can be 
trapped as a hydroxamate (Equation 2). Nonenzymatic trans- 

OH 
R-COOH + ATP + NH,OH ——— R-C-N-OH 


+ ADP + orthophosphate (2) 


phosphorylation reactions which are catalyzed by bivalent metal 
ions may have been the prototype reactions for the biochemical 
evolution of those enzymes which utilize the free energy of hy- 
drolysis of polyphosphates to drive chemical transformations. 
The natural trapping agents of the aminoacy] phosphates could 
have been amino acids instead of hydroxylamine. The reaction 
products would then have been peptides instead of hydroxamates. 
Such reactions may have provided the rudiments of an auto- 
catalytic duplicating system which resulted in the formation of 
polypeptides from amino acids (4). 

This paper presents a study of the nonenzymatic transfer 
reaction from ATP to acetate. The most effective bivalent 
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metal ion in this reaction is Be**, and the optimal pH is about 
5.2. 


EXPERIMENTAL PROCEDURE 


Reagents—Various salts of ATP were purchased from the 
Sigma Chemical Company. Other reagents were of reagent 
grade, except RbCl and CsCl which were a purified grade ob- 
tained from E. H. Sargent and Company, Chicago, Illinois. 

Methods—Acethydroxamic acid was measured colorimetrically 
as the ferric ion complex (5). The sample to be assayed was 
diluted to a volume of 1.5 ml with water. The ferric ion solution 
(1.5 ml) was then added, and the optical density of the resulting 
solution was read at 540 mu with a spectrophotometer cell with 
a l-cm light path. The ferric ion solution consisted of 3.0% 
ferric chloride in 1.2 N HCl. A calibration curve was prepared 
with authentic acethydroxamate (kindly supplied by Dr. W. 
Jencks). 


RESULTS 


Requirements for Nonenzymatic Activation of Acetate—The 
experiment shown in Table I demonstrates that ATP, acetate, 
and bivalent metal ions are required for the reaction. Omission 
of one of these substances results in a marked decrease or in the 
disappearance of acethydroxamate formation. The reaction 
rate is linear with time (Fig. 1). A small amount of hydroxamate 
is obtained in the absence of bivalent metal ion at zero time 
(about 0.04 umole). This may be due to an impurity present 
in one of the reagents. An additional small amount of hydroxam- 
ate is formed on incubating the reaction mixture in the absence 
of bivalent metal ions (about 0.035 umole per hour). This is 
much less than the amount of hydroxamate formed in the pres- 
ence of bivalent metal ions (0.48 umole per hour). 

pH Optimum—The reaction has a pH optimum at about pH 
5.2 (Fig. 2). When Be** ions were used, it was found imprac- 
tical to determine the reaction rate at pH values higher than 5.5, 
because of the formation of precipitates. 

Bivalent Metal Ion Specificity—A comparison of the effective- 
ness of different bivalent metal ions in the reaction is shown in 
Table II. Bet*+* ions are the most effective, followed by Ni++ 
and Cot*+. Ca++ ions, which are the most effective ions in 
Reaction 1, are among the least effective when acetate is the 
acceptor (Reaction 2). A satisfactory comparison of the ac- 
tivity of Cut+ ions with the activities of other bivalent metal 
ions was not obtained. The results with cupric ions were er- 
ratic, and the apparent amount of hydroxamate formed was not 
proportional to the time of incubation, presumably because of 
the reduction of Cut++ to Cu* by hydroxylamine. 
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TABLE I 
Formation of acethydroxamate 
The complete reaction mixture contained (in wmoles): Tris salt 
of ATP, 50; Tris acetate-acetic acid buffer, 800; hydroxylamine 
hydrochloride, 400; and Be(NOQO;)2, 30. Final volume 1.0 ml, pH 
5.2, 38°, 1 hour. 


| Acethydroxamate 
orm 
| 


Complete reaction mixture.................... | 


moles Acethydroxamate 
fe) 


i L 


0) 40 80 120 
Time (minutes) 

Fic. 1. Time course of acethydroxamate formation. The re- 

action mixture contained (in wmoles per ml): Tris salt of ATP, 50; 

Tris acetate-acetic acid buffer, 800; hydroxylamine hydrochloride, 

400; and Be(NO3;3)2, 30. pH 5.2, 38°. Samples were withdrawn 

and analyzed at the times indicated. ©, complete reaction mix- 
ture; X, Be(NOs;)2 omitted. 
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Effect of Alkali Metal Ions—Alkali metal ions at a concentra- 
tion of 0.1 m have little or no effect on the rate of the reaction 
(Table III). This is in contrast to the influence of these ions 
on Reaction 1. Either alkali metal ions exert no influence on 
the acetate-activating reaction, or the negative findings are the 
result of the high ionic strength of the reaction mixture which 
may obliterate stimulating effects of 0.1 m alkali metal ions. 

Influence of Varying the ATP /Be+* Ratio—Fig. 3 shows the 
influence of varying the concentration of Bet* on the rate of 
the reaction. A maximal rate is attained only in the presence of 
precipitates. Fig. 4 shows the influence of varying the concen- 
tration of ATP on the rate of the reaction. A maximal rate is 
attained when the ATP/Be**+ ratio is made about 1. There is no 
further increase in the rate of the reaction when the ATP/Bet+ 
ratio is made less than 1. 

Effect of Acetate Concentration—The rate of the reaction is 
proportional to the acetate concentration from 0 to 0.8 m (Fig. 
5). 


DISCUSSION 


The nonenzymatic activation of acetate described in this paper 
probably involves the initial formation of an acyl phosphate 


Nonenzymatic Activation of Acetate 
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pmoles Acethydroxamate / ml 


40 45 50 55 
pH 

Fic. 2. The pH optimum of the reaction. Each tube contained 
(in pmoles): Tris salt of ATP, 50; Tris acetate-acetic acid buffer 
(pH varied by changing the salt to acid ratio), 800; hydroxylamine 
hydrochloride, 400; and Be(NO3;)2, 30. Final volume 1.0 ml. 38°, 
1 hour. An aliquot of each tube was diluted with 10 volumes of 
water, and the pH of the resulting solution was determined with 
a pH meter with glass and calomel electrodes. © and @, complete 


reaction mixture (the tube at pH 5.74 contained a precipitate); — 
A and A, Be(NOs;): omitted. The black and white symbols repre- _ 


sent two experiments. 


TABLE II 
Bivalent metal ion specificity 
The reaction mixture contained (in wmoles): Tris salt of ATP, 
50; Tris acetate-acetic acid buffer, 800; hydroxylamine hydro- 
chloride, 400; and bivalent metal ion salt as indicated, 30. Final 
volume 1.0 ml, pH 5.2, 38°, 1 hour. A water blank of 0.08 umole 
has been subtracted from each figure. 


Bivalent metal ion salt 

pmole 
MgCl2, CaCl, 


TaBLeE III 
Effect of alkali metal and ammonium ions 
The reaction mixture contained (in umoles): Tris salt of ATP, 


50; Tris acetate-acetic acid buffer, 800; hydroxylamine hydro- | 
chloride, 400; Be(NO;)2, 30; and the alkali metal or ammonium — 
salt as indicated, 100. Final volume 1.0 ml, pH 5.2, 38°, 1 hour. — 
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Moles Acethydroxamate ml 


20 40 60 80 100 
moles /ml 

Fic. 3. The effect of beryllium ion concentration on transphos- 
phorylation. The reaction mixture contained (in wmoles): Tris 
salt of ATP, 50; Tris acetate-acetic acid buffer, 800; hydroxylamine 
hydrochloride, 400; and Be(NOs;)2 as indicated. Final volume 
1.0 ml, pH 5.2, 38°, 1 hour. O, no precipitate; X, light precipi- 
tate; A, precipitate formed during incubation. 


o 


0.3 

0.2 - 

. 


[ATP] «moles 


Fic. 4. The effect of ATP concentration on transphosphoryla- 
tion. The reaction mixture contained (in umoles): Tris acetate- 
acetic acid buffer, 800; hydroxylamine hydrochloride, 400; and 
Tris salt of ATP as indicated. Final volume 1.0 ml, pH 5.2, 38°, 
lhour. The Be(NOs3)2 concentration was (O) 12.5, and (Xx) 25 
umoles per ml. 


which, in the presence of hydroxylamine, reacts further to yield 
acethydroxamate. The nature of the acyl phosphate formed 
in the nonenzymatic reaction has not yet been investigated. 
The initial product might be acetyl phosphate, or acetyl-AMP, 
or both. The nonenzymatic reaction may thus be analogous 
to the acetate kinase reaction (5, 6) or to the first steps of the 
acetate-activating enzyme reaction (7, 8). The nonenzymatic 
activation of acetate shows an absolute, or almost absolute, de- 
pendence on bivalent metal ions (Table I). An ATP/Bet+ ratio 
of 1.66 was used for most of the experiments reported here. This 
ratio was chosen from practical convenience, since it avoids the 
formation of precipitates at ATP concentrations of 0.05 mM. The 
curve of the pH optimum (Fig. 2) indicates that acetate, and 
hot undissociated acetic acid, is the reactive species. The rate 
of hydroxamate formation is not rate-limiting at the pH values 
shown in Fig. 2. The results shown in Figs. 2, 3, and 4 suggest 
that the active form of ATP in the reaction is the chelate (ATP- 


__ Be)-. The single negative charge of this chelate may be neu- 
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Fic. 5. The effect of acetate concentration on transphosphory!l- 
ation. The reaction mixture contained (in wmoles): Tris salt of 
ATP, 50; hydroxylamine hydrochloride, 400; Be(NOs):2, 30; and 
Tris acetate-acetic acid buffer as indicated. Final volume 1.0 
ml, pH 5.2, 40°, 1 hour. 


tralized by ion pair formation or chelation with additional cat- 
ions (2, 3). The results are in harmony with a reaction 
mechanism which involves a nucleophilic attack by the acetate 
anion on the ATP-metal chelate, a mechanism which is similar to 
that proposed for Reaction 1 (2). 

When acetate acts as phosphate acceptor, Be** ions are the 
most effective (Table II), and the optimal pH is about 5.2. 
When orthophosphate acts as phosphate acceptor, Ca++ as well 
as Sr*+* and Ba*t* ions are the most effective (9), and the optimal 
pH is 9.0. These striking differences in specificity suggest that 
binding between the bivalent metal ion and the acceptor molecule 
must be taken into account in attempts to explain the mech- 
anism of the nonenzymatic reactions. Mg**+ ions are among 
the least effective in the nonenzymatic reaction, yet the ATP- 
Mg chelate is a highly efficient phosphorylating agent in the 
enzymatic reaction. The enzyme may achieve this modification 
of properties by binding the ATP-Mg chelate through the vacant 
coordination valencies of the metal. 


SUMMARY 


A nonenzymatic activation of acetate by adenosine triphos- 
phate has been described. Hydroxylamine was used to trap 
the activated acetate as acethydroxamate. The reaction re- 
quires bivalent metal ions and has a pH optimum of about 5.2. 
Of the bivalent metal ions tested, Be++ proved to be the most 
effective. The reaction rate is optimal at ratios of adenosine 
triphosphate to bivalent metal of 1.0 or less. 
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p-Glucuronic acid and its lactone are known to be converted 
to polysaccharides by plant tissues. Ripening strawberries have 
been shown to incorporate the intact carbon skeleton of D-glu- 
curonolactone into pectin (1). It has also been demonstrated 
that wheat plants and corn coleoptiles incorporate D-glucuronic 
acid and its lactone into the pentosyl moieties of pentosan with 
loss of carbon 6 (2,3). 

In the present investigation, results of feeding uniformly 
C-labeled p-glucuronic acid and D-galacturonic acid to Phaseolus 
aureus seedlings are presented. It is shown that pD-galacturonic 
acid as well as p-glucuronic acid is readily incorporated into 
pectin and hemicellulose. Furthermore, evidence is presented 
for a novel aspect of uronic acid metabolism in plants involving 
the oxidation of hexuronic acids to hexaric acids. 


! 


EXPERIMENTAL PROCEDURE 


General Analytical Methods—Paper electrophoresis was car- 
ried out in five different buffer solutions: 0.2 M ammonium for- 
mate buffer pH 3.7 (I), 0.2 M ammonium acetate buffer pH 5.8 
(II), 0.1 M ammonium carbonate buffer pH 9.0 (III), 0.05 m 
sodium carbonate buffer pH 9.0 (1V), or 0.05 m sodium tetra- 
borate buffer pH 9.2 (V). The electrophoretic mobility of 
individual compounds is given relative to the mobility of picric 
acid (Mya). 

Paper chromatography was performed in the following solvents 
expressed as volume per volume: n-butanol-acetic acid-water, 
52:13:35 (4) (VI), ethyl acetate-acetic acid-water, 3:1:3 (5) 
(VII), ethyl acetate-pyridine-water, 8:2:1 (6) (VIII), 2,2- 
dimethyl propanol-water-n-propanol-ethanol, 4:2:1.3:0.5 (7) 
(1X), isopropanol-pyridine-water-acetic acid, 8:8:4:1, (8) (X), 
ethyl acetate-5% aqueous boric acid-pyridine, 12:5:4! (XI), n- 
propanol-water-ethy! acetate, 7:2:1, (9) (XII), and water-satu- 
rated phenol (10) (XIII). 

After the separation of the compound by paper chromatog- 
raphy and paper electrophoresis, sugars, uronic acids, aldonic 
acids, and aldaric acids were detected by the periodate-benzidine 
procedure of Gordon et al. (8). Glyoxalate and formate were 
detected with the use of ammoniacal silver nitrate (11). Radio- 
active substances were located and counted on paper as previ- 
ously described (12). Samples which required a more accurate 
determination of label were eluted from the paper into steel 


* This investigation was supported in part by a research grant 
(No. A-1418) from the National Institutes of Health, United 
States Public Health Service, and by a research contract with 
the United States Atomic Energy Commission. 

1C. E. Ballou, personal communication. 


planchets, dried, and counted with a thin window Geiger-Miiller 
tube coupled to a conventional scaler. 

Purification and separation of compounds by the technique of 
ion exchange was carried out on two columns. Column 1 was 
prepared with Dowex 50-X8, hydrogen form (1 X 5 em, 20 to 
50 mesh). Column 2 was prepared with Dowex 1-X8, formate 
form (1 X 7 cm, 200 to 400 mesh). 

If not otherwise stated, solutions were always concentrated to 
a small volume or dryness under reduced pressure at 25° over 
KOH. Solids were separated from suspensions by centrifuga- 
tion, and were washed by suspension in water and recentrifuga- 
tion. 

Purified yeast polygalacturonase and samples of digalacturonic 
and trigalacturonic acid were kindly furnished by Dr. H. Phaff, 
Department of Food Science and Technology, University of Cali- 
fornia, Davis, California. Randomly C!*-labeled erythritol was 
a gift of Mr. E. Wawszkiewicz of this department. 

Preparation of Labeled Uronic Acids——UDP-p-glucuronic acid 
labeled with C™ in the p-glucuronic acid moiety was prepared 
by enzymatic oxidation of radioactive UDP-p-glucose and 
purified as described by Feingold et al. (13). UDP-p-galacturonic 
acid was prepared from UDP-p-glucuronic acid using a particu- 
late enzyme preparation from radish root (13). Upon fractiona- 
tion of the reaction mixture, UDP-p-galacturonic acid was re- 
covered in a yield corresponding to approximately 15% of the 
initial UDP-p-glucuronic acid activity. D-Glucuronic acid and 
p-galacturonic acid, uniformly labeled with C™, were obtained 
from the corresponding sugar nucleotides by hydrolysis with a 
mixture of nucleotide pyrophosphatase (14) and seminal phos- 
phomonoesterase. The liberated uronic acids were separated 


from the reaction mixture by paper electrophoresis at pH 58 


(II) and further purified by paper electrophoresis at pH 9.0 (III). 


Germination of Mung Bean Seeds and Feeding of Labeled Sub- — 
strates—Mung bean (Phaseolus aureus) seeds were obtained from _ 
The seeds were immersed for 5 minutes ina — 


a local grocer. 
solution containing 1 g of HgCl; and 2.5 ml of concentrated HCl 
in 500 ml of water, and washed thoroughly with sterile water. 
All subsequent operations were performed under aseptic condi- 
tions. The disinfected seeds were germinated in water with 
aeration at room temperature for 20 hours, and then the coty- 


ledons were carefully cut from the seedlings and discarded. The 
remaining portions of the seedlings were used for the extraction — 
of endogenous hexaric acids and for experiments with labeled — 


substrates. 


The substrate solutions were sterilized before use by passage : 
through a Millipore filter. Thirty seedlings were placed in 2 — 
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ml of an aqueous solution (pH 6.5) containing either 0.5 umole 
of ammonium D-glucuronate (18 ue), or 0.17 umole of ammonium 
p-galacturonate (6 uc), for periods of time varying from 90 min- 
utes to 6 hours. At the end of the incubation period, the external 
solution was removed with a pipet, and the seedlings were 
washed with 5 portions of 0.5 ml of water. The washed samples 
were transferred into 5 ml of boiling 95% ethanol, and the sus- 
pension was boiled for 1 minute. Subsequently the seedlings 
were extracted by suspension in 1-m] portions of hot 80% ethanol 
and centrifugation until the supernatant liquid was free from 
radioactivity. Before analysis, the external solution was con- 
centrated to a small volume. Similarly, the combined alcohol 
extracts and the residual insoluble material were concentrated 


to dryness. 


Fractionation and Analysis of Labeled Metabolic Products 


Products Present in External Solution—Examination of the 
solution in which the mung bean seedlings had been incubated 
showed the presence of newly formed metabolic products. Pre- 
sumably, the removal of the cotyledon exposes the vascular 
system of the seedlings and permits an interchange of metabolites 
between the outside solution and the interior of the plants. 

Examination of the external solution by paper electrophoresis 
at pH 3.7 (I) showed that when p-glucuronate was made available 
to the seedlings, two major metabolic products (Compounds A 
and C) were present in addition to residual p-glucuronate and 
itslactone. Furthermore, a number of other compounds (neutral 
and anionic) were detected on the paper after prolonged auto- 
radiography (72 hours). However, since the activity of these 
individual components did not exceed 5 X 10-3 uc, their identi- 
fication was not attempted. When p-galacturonate was used 
as substrate, only one major new metabolic product appeared 
on the electrophoretic pattern (Compound B). Several minor 
compounds, each containing less than 5 X 107% we of total 
activity, were not further investigated. 

1. Compound A—Examination of the electrophoretic mobility 
of Compound A showed that at pH 3.6 it was slightly greater 
than that of p-glucuronic acid (./,,.:D-glucuronic acid, 0.89; Com- 
pound A, 1.06). At pH 5.8, however, the mobility of the new 
metabolite was twice that of p-glucuronic acid (.¥,.:p-glucuronic 
acid, 0.98; Compound A, 2.00). This suggested that Compound 
Ahas at least one more ionizable group than uronic acid. Treat- 
ment of Compound A with seminal phosphomonoesterase failed 
to cause a change in electrophoretic mobility. This showed that 
Compound A is not a phosphate ester. 

Further information concerning the structure of Compound 
A was obtained by examination of the products of periodate 
oxidation. When a sample of Compound A was mixed with 
unlabeled D-glucaric (D-glucosaccharic) acid and treated with 
sodium periodate under very mild conditions (0°, pH 7.5, 5 to 
30 minutes, ratio of periodate to glucarate = 8), both labeled 
and unlabeled formate, glyoxalate, and an unidentified inter- 
mediate were shown to be present in the reaction mixture by 
paper electrophoresis at pH 9.0 (IV). Under more vigorous 
conditions (25°, pH 7.5, 3 hours, ratio of periodate to glucarate 
= 8), formate and CO, were the only products that could be 
detected. This is in agreement with the known behavior of 
glyoxalate upon vigorous periodate oxidation (15). The presence 
of radioactive CO. was shown by oxidizing Compound A in a 
Conway vessel containing alkali in the center well, and precipi- 
tating the CO, as BaCO 3. The formation of glyoxalate from 
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Compound A indicates the presence of a glyceric acid structure 
in the molecule. 
Since no radioactive formaldehyde could be detected among 


the products of vigorous periodate oxidation, the parent com- 


pound did not contain a primary hydroxyl group. This was 
shown as follows. Compound A was oxidized with periodate 
for 1 hour at 25° at pH 7.5, and ethylene glycol was added to 
destroy the unreacted periodate and to form unlabeled. formalde- 
hyde in the reaction mixture. After the iodate was removed as 
the insoluble lead salt, the formaldehyde was precipitated as the 
2,4-dinitrophenylhydrazone by adding an excess of dinitro- 
phenylhydrazine (0.001 m, dissolved in 2 N HCl). The precipi- 
tate was thoroughly washed with water, dissolved in chloroform, 
and plated for counting. No radioactivity above background 
could be detected. C-labeled sorbitol and erythritol yielded 
the theoretical amount of radioactive formaldehyde when sub- 
jected to the same treatment. These experiments eliminate not 
only the presence of formaldehyde among the oxidation products 
of Compound A, but also of any carbonyl compound which would 
yield an insoluble 2, 4-dinitrophenylhydrazone. 

The results of periodate oxidation show the presence in Com- 
pound A of carboxyl and secondary hydroxyl groups only, indi- 
cating an aldaric acid structure. 

Compound A could not be distinguished from the hexarie 
acids, D-glucaric acid or galactarie acid, by electrophoresis (I, 
II) or chromatography (IX). Since all the theoretically possible 
isomers of hexaric acid can be differentiated by reduction and 
subsequent separation of the resulting hexitols by a combination 
of paper chromatography and electrophoresis, Compound A was 
transformed to the corresponding alcohol. 

An aliquot (1 X 107? ue) was diluted with 0.2 umole of un- | 
labeled p-glucarie acid and mixed with 100 ul of 5% methanolic 
HCl. The solution was then sealed in a capillary tube and 
heated at 120° for 1 hour. This treatment resulted in a conver- 
sion of the acid to its dimethy] ester and other reaction products, 
possibly methyl ester monolactone and dilactone. After re- 
moval of the methanolic HC] by evaporation, the mixture was 
reduced by treatment with an excess of aqueous sodium borohy- 
dride for 30 minutes. The excess borohydride was destroyed by 
acidification to pH 3 with Dowex 50-H*+ resin, which also ad- 
sorbed the sodium ions from the reaction mixture. The solution 
was then decanted from the resin and concentrated to dryness. 
Boric acid was removed as the methyl] ester by repeated addition 
of 0.1-ml aliquots of dry methanol and evaporation to dryness. 
The radioactive hexitol obtained by reduction of the unknown 
hexaric acid was identical with glucitol upon coelectrophoresis in 
0.05 m sodium borate (V). Of the known hexitols, only iditol 
and glucitol do not separate well electrophoretically. The radio- 
active sugar alcohol was therefore chromatographed on paper in 
a solvent which separates iditol and glucitol (XI). The chroma- 
tographic analysis confirmed that the labeled hexitol was identi- 
cal with glucitol. Compound A was thus shown to be glucaric 
acid. 

2. Compound B—Compound B was identified as galactaric 
(mucic) acid by a characterization procedure identical to that 
described for Compound A. Reduction of the sugar acid yielded 
a polyhydroxy alcohol, which was shown to be galactitol (dulci- 
tol). 

3. Compound C—The electrophoretic mobility of Compound C 
in formate buffer (I) was slightly lower than that of p-galac- 
turonic acid (M,,:p-galacturonic acid, 0.74; Compound C, 0.67) 
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and was found to be identical with that of p-gluconic acid. purple precipitate. The solids were removed by centrifugation, + 


However, since a number of uronic and aldonic acids occupy a 
similar position on the electrophoretogram, data for the addi- 
tional characterization of the compound were necessary. 

Since uronic acids are readily oxidized to aldaric acids by 
hypoiodite solution, whereas aldonic acids are unaffected, the 
two types of acids can be differentiated by their behavior toward 
this reagent. The following experiment was therefore performed. 
An aliquot of Compound C (2 X 107? ue) was diluted with 1 
umole of unlabeled p-gluconic acid and subjected to oxidation 
by treating with hypoiodite solution according to the method of 
Auerbach and Bodlander (16, 17). When the sample subjected 
to the oxidant was analysed by electrophoresis (II), there was 
no change in electrophoretic mobility, showing that no aldaric 
acid was produced, and hence that Compound C is not a uronic 
acid. 

The presence of a primary hydroxy] group in Compound C was 
demonstrated by periodate oxidation (25°, pH 7.5, 3 hours, ratio 
of periodate to gluconate = 8) and determination of the liberated 
formaldehyde. An aliquot containing 2827 counts yielded 427 
counts of formaldehyde, which corresponds to 15.1% of the initial 
activity. The theoretical formaldehyde recovery for a hexonic 
acid is 16.7%. The aldonic acid was converted to a lactone (18), 
which was found to be chromatographically identical with 
gluconolactone in three different solvents (VII, VIII, LX). 
Furthermore, reduction of Compound C by methods previously 
described yielded glucitol. 

Additional evidence that Compound C is gluconic acid was 
obtained by a modified Ruff degradation (19). An aliquot 
(1 X 10-7 ue) was diluted with 40 ul of 1% unlabeled calcium 


and the supernatant liquid was passed through a mixed resin 
bed (Dowex 50-H+, Dowex 1-OH-, 1:1 by volume). The de. 
ionized solution was concentrated to near dryness and analyzed 
by two-dimensional chromatography (XIII, VI). The only 
labeled product present in the concentrate (in 10% yield) was 
a compound chromatographically identical with arabinose. 

Products in Ethanolic Extracts—Examination of the ethanolic 
extract fractions showed very little radioactivity (1 X 107 yc), 
Two-dimensional chromatography (XIII, VI) of the extract 
revealed the presence of xylose, arabinose, and several unident- 
fied spots. 

Insoluble Material—Incubation of mung bean seedlings with 
radioactive D-glucuronate or D-galacturonate resulted in the 
incorporation of label into insoluble constituents of the plant 
material. These were separated into pectin, hemicellulose, and 
alkali-insoluble residue. 

Pectin—The residues of the ethanol-extracted seedlings were 
ground with a little sand in 0.5 ml of water and the pectin de- 
graded as described by Albersheim and Bonner (20). Purified 
yeast polygalacturonase in sodium acetate at pH 4.5 (final buffer 
concentration, 0.1 M) was used for enzymatic hydrolysis. The 
hydrolysis mixtures were filtered; the filtrates were concentrated 
to near dryness under reduced pressure and then passed through a 
Dowex 50 column. The effluents were reduced to small volumes, 
adjusted to pH 9 with dilute ammonia, and adsorbed on a Dowex 
1 column. The column was washed with 4 bed volumes of water 
and eluted with 0.5 m formic acid. The eluates were collected in 
2-m] fractions and evaporated to dryness under vacuum. Elec- 
trophoretic analysis of the fractions at pH 5.8 (II) showed the 
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p-gluconate solution and mixed with 12 ul of 1.4M barium acetate presence of labeled galacturonic acid and two compounds which 
and an equal volume of 0.42 o ferric sulfate. A small precipitate were electrophoretically identical with digalacturonic and 
was removed by centrifugation, and 25 ul of 30% hydrogen trigalacturonic acid. Hydrolysis of each of these compounds 
peroxide were added to the supernatant. The reaction mixture with 1 N HCl at 100° for 2 hours produced galacturonic acid as 
was warmed in a water bath until gas evolution commenced. It the sole product. 
was then kept at 50° for 1 hour to ensure complete oxidation. A Hemicellulose—After the pectinase treatment, the hemicel- | F 
second 25-ul portion of hydrogen peroxide was subsequently lulose was extracted from the residual] plant material with sodium } , 
added, and the reaction was terminated upon appearance of a hydroxide, according to the method of Edelman et al. (21). The : 

solubilized hemicellulose fractions were acidified to pH 4.5 with : 
TABLE I concentrated HC] and dialyzed for 24 hours against running tap | = 
Distribution of radioactivity in metabolic products water. After evaporation to a small volume under reduced ti 
pressure, the fractions were lyophilized. | 
Aliquots of the lyophilized fractions were suspended in 200 ul 

glucuronate)* | glucuronate)* jgalacturonate)* of 1 N HCl and hydrolyzed at 100° for 1 hour. Analysis of the 
partial hydrolysates by two-dimensional paper chromatography | 

(XIII, VI) and paper electrophoresis (1) showed that they con- 
Gluearic acid (Com- tain labeled arabinose (1 part), xylose (2 parts), glucuronic an U 
neu Ad............ 6.8 17.5 0.0 galacturonic acid (5 parts), and unhydrolyzed material (35 parts). is 
Galactarie acid (Com- These figures are representative of the alkali-soluble fraction of — fr 
pound B)............ 0.0 0.0 25.5 all three incubation experiments. “ 
Gluconic acid (Com- Alkali-insoluble Residue—The plant material which resisted — fe 
20.3 1.8 0.0 alkali extraction was washed exhaustively with water and quanti- 
Other compounds...... 1.3 0.4 2.4 tatively analyzed for incorporated label. For this purpose, por- “ 
Alcohol extract. ......... 1.3 0.4 1.0 tions of the alkali-insoluble residue were ground to a homogenous, 
Insoluble residue suspension with 0.1 ml of water, and the finely divided material — a 
was transferred to a filter paper disk, dried, and counted. 
Relative Quantities of Labeled Metabolic Products—Tablel = 
ali-insoluble mate- 

eS: ee 5.4 8.7 1.0 represents the relative amounts of the various labeled products — | 
synthesized by the mung bean seedlings from C'-labeled D- vi 
* Calculated as the percentage of the total radioactivity in- glucuronate or D-galacturonate. In Experiment 1,18 wcofam- i, 
corporated into nonvolatile metabolic products. monium p-glucuronate were supplied to the seedlings for % |‘ 
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beans. 


minutes, and 0.9 wc was recovered as nonvolatile compounds 
other than the initial substrate or its lactone. In Experiment 2, 
a similar amount of p-glucuronate was used as substrate, and 
after 5 hours, 2.9 uc were recovered as metabolic products. In 
Experiment 3, 1.2 uc were recovered as newly formed compounds 
after a 6-hour incubation with 6 uc of ammonium p-galactu- 
ronate. 

Isolation of Endogenous Aldaric Acids from Mung Bean Seed- 
lingsg—Electrophoretic examination of mung bean extracts indi- 
cated the presence of aldaric acids. An attempt was therefore 
made to isolate the acids from these plants in larger quantities 
and to identify them. Approximately 500 mung bean seedlings 
(dry weight, 0.5 g) from which the cotyledons had been removed 
were immersed in a fivefold volume of boiling 95% ethanol to 
destroy enzymatic activity. After cooling, the ethanolic solution 
was filtered off, and the residual plant material was ground with 
a little water in a chilled mortar and thoroughly extracted with 
ice water. The aqueous extracts were combined with the alco- 
holic solution, concentrated to dryness under reduced pressure, 
and defatted by repeated extraction with ether. The ether- 
extracted residue was redissolved in 2 ml of water and passed 
through a Dowex 50 column. The concentrated effluent was 
poured on a Dowex 1 column, and elution was started with 10 
ml of 0.5 m formic acid, followed by 2 m formic acid. Aldaric 
acids were located by spotting an aliquot of each fraction on 
paper and testing by the periodate-benzidine method (8). They 
emerged from the column as a single peak shortly after the 
concentration of the eluant was increased to2M. Final purifica- 
tion of the aldaric acid peak was achieved by paper electro- 
phoresis at pH 5.8 (II) and pH 9.0 (III). A yield of 5 mg was 
obtained. 

The aldaric acid peak was shown to consist of glucaric and 
galactaric acids as follows. The fraction was dissolved in 0.5 ml 
of 5% methanolic HCl and esterified as previously described. 
Upon cooling of the reaction mixture, a small quantity of color- 
less needles crystallized from the solution. After separation 
from the mother liquor, the crystalline material was purified by 
recrystallization from dry methanol. These crystals were identi- 
fied as dimethylgalactarate by their melting point and mixed 
melting point with an authentic specimen (184-186°, uncor- 
rected). This compound had the same mobility as that of 
authentic dimethylgalactarate when subjected to circular 
chromatography (X). It also yielded galactitol which was 
identified by its electrophoretic mobility (V), after reduction of 
the compound with sodium borohydride. 

Reduction of the substances present in the mother liquor 
yielded two compounds which migrated as galactitol and glucitol 
in borate buffer (V), thus demonstrating the presence of galac- 
taric and glucaric acid in the seedling extract. The precise ratio 


of the two compounds could not be determined because of the 
small quantity of material available. However, it was estimated 
that glucaric and galactaric acids were extracted in comparable 
amounts from the plant material. 


DISCUSSION 


The demonstration that mung bean seedlings are capable of 
incorporating D-glucuronate into pectin and hemicellulose is in 
agreement with the results of physiological experiments obtained 
by other workers (1-3) who showed that higher plants can utilize 
exogenous D-glucuronate for the synthesis of cell wall polysac- 
charides. Finkle et al. (1) presented evidence that p-glucurono- 
lactone labeled in the C-6 position is incorporated into the pectin 
fraction of ripening strawberries, with but little randomization 
of label. Experiments with wheat plants (3) and corn coleoptiles 
(2) further indicated that specifically labeled p-glucuronate or 
its lactone are transformed into pentosyl moieties by loss of C-6. 
As shown in this work, substitution of p-galacturonate for p- 
glucuronate also leads to the formation of pectin and other cell 
wall polysaccharides in mung bean seedlings. 

Present concepts suggest that when p-glucuronic acid is intro- 
duced into the plant, it must enter a sugar nucleotide pool before 
conversion to polysaccharide. Enzymes that would account for 
these reactions were shown to be present in mung bean seedlings 
(22). A number of polysaccharides and other complex sac- 
charides have also been demonstrated to be formed from sugar 
nucleotides by transglycosylation in animals, microorganisms, 
and plants (22). It is therefore reasonable to assume that pectin 
and hemicellulose in plants are formed from p-glucuronic acid 
by the following pathway (Fig. 1). 

p-galacturonic acid may also enter the same nucleotide pool, 
leading to the formation of pectin and hemicelluloses by a similar 
pathway. This view is compatible with the existence of a UDP- 
p-galacturonic acid pyrophosphorylase in mung beans (23), and 
with a recent finding of a p-galacturonic acid kinase in the same 
plants.? 

p-Glucuronate and p-galacturonate were converted to pectin 
to approximately the same extent. However, the ratio of label 
in pectin to label in nonpectin polysaccharides was greater when 
p-galacturonate was fed. Insufficient information is available 
at present to account for this difference. 

The presence of labeled glucarate and galactarate in the 
external solution shows that the seedlings contain an enzyme 
system capable of oxidizing p-glucuronic and p-galacturonic 
acids to glucaric and galactaric acids, respectively. The two 
hexaric acids are natural constituents of mung bean seedlings. 
p-Glucaric acid has been previously found in the latex of Castilloa 


2E. F. Neufeld, G. Kessler, D. S. Feingold, and W. Z. Hassid, 
unpublished data. 
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elastica (24), and galactaric acid has been isolated from various 
fruits (25, 26). Their existence in plants suggests that pD- 
glucuronic acid and p-galacturonic acid may be utilized by the 
plant for energy production. 

A pathway of uronic acid catabolism in bacteria has been 
described by Kilgore and Starr (27). These authors obtained 
cell-free extracts from D-glucuronate- and D-galacturonate-grown 
cells of Pseudomonas syringae which catalyze the DPN-linked 
oxidation of the two uronic acids. In addition, Blumenthal (28) 
showed that a strain of Escherichia coli can convert D-glucarate 
or galactarate to pyruvate. 

Mung bean seedlings also convert p-glucuronic acid to gluconic 
acid. Such a conversion has not been previously shown, al- 
though formation of the aldonic acid, L-gulonic acid, from D- 
glucuronolactone by ripening strawberries was reported by 
Loewus and Kelly (18). This reaction is considered to involve 
reduction of the carbonyl group of D-glucuronolactone to form 
L-gulonate. On the other hand, the mechanism of the formation 
of gluconate from p-glucuronate is not understood. 

Uronic acids are seldom found in the free state in plants. Dur- 
ing seed germination, uronic acids could be produced by hydrolysis 
of uronate-containing polysaccharides stored in the endosperm 
or other seed tissues. The free p-glucuronic acid or D-galac- 
turonic acid could then either enter the sugar nucleotide pathway 
and be used for synthesis of cell wall material in the developing 
seedling, or be catabolized with the production of energy. 


SUMMARY 

A study of the utilization of p-glucuronic acid and p-galac- 
turonic acid by mung bean (Phaseolus aureus) seedlings showed 
that these uronic acids are readily incorporated into pectin and 
hemicellulose by the seedlings. : 

Mung bean seedlings are capable of oxidizing D-glucuronic acid 
and p-galacturonic acid to the corresponding aldaric acids, 
glucaric acid and galactaric acid. 

Gluconic acid is also produced from p-glucuronic acid by the 
seedlings. 

Glucaric acid and galactaric acid were shown to occur in mung 
seedlings as natural products. 
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For many years there has been a question as to the “natural” 
substrate of glyoxalase and as to the metabolic role of this ubiq- 
uitously distributed enzyme system (2). At one time during 
the evolutionary phase of fermentation chemistry, the glyoxalase 
system was considered to be an essential component of this 
process, since lactic acid was supposedly produced by the action 
of this enzyme on methylglyoxal. However, the work of Loh- 
mann (3) showed that glyoxalase was not essential in glycolysis, 
and it was subsequently demonstrated that methylglyoxal is not 
produced enzymically from glycolytic intermediates but arises 
by chemical dehydration of nonesterified triose or by elimination 
of phosphate from phosphorylated triose (4-7). Methylglyoxal 
has still been considered to be the natural substrate of this en- 
zyme, and since this compound is quite toxic, it has been sug- 
gested that the function of the enzyme may be to detoxify meth- 
ylglyoxal (8). 

Among the possible natural substrates for glyoxalase which 
had not yet been tested was phosphohydroxypyruvic aldehyde. 
This compound could conceivably be produced from the keto- 
pentitol diphosphates which are intermediates in photosynthesis 
(9). The present paper describes the chemical synthesis and 
properties of phosphohydroxypyruvic aldehyde, a substrate for 
the glyoxalase system, and the enzymic synthesis, purification, 


EXPERIMENTAL PROCEDURE 


Enzymes—Glyoxalases I and II were purified from bakers’ 
yeast and beef liver, respectively, by the method of Racker (10). 


Crystalline triosephosphate dehydrogenase was isolated from 


bakers’ yeast as described by Krebs (11). The crude ammonium 


sulfate fraction of rabbit muscle used to measure D-3-phospho- 


: _ glycerate by metabolizing it to lactate was prepared according to 


Weissbach et al. (12). Crystalline phosphoglycerate kinase was 
purchased from C. F. Boehringer und Soehne. Rabbit muscle 
isomerase was purified by the procedure of Meyerhof and Beck 
(13). 

Reagents—The tricyclohexylamine salt of the dimethyl ketal 
of dihydroxyacetone phosphate was synthesized in this labora- 
tory by Dr. Kenkichi Tomita by the method of Ballou and Fis- 
cher (14). The following reagents were purchased: reduced 


* Supported in part by grants from the National Institutes of 
Health and the American Cancer Society. A preliminary report 
has been presented (1). 
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GSH, Schwarz Biochemicals Company; DPNH, C. F. Boehringer 
und Soehne; p-3-phosphoglycerate, Sigma Chemical Company. 
Commercial methylglyoxal was purified by fractional distillation 
as described by Kermack and Matheson (15) and standardized by 
the method of Friedemann (16). 

Analytical Methods—P; was determined by the method of 
King (17), and total phosphorus was determined by the same 
method after perchloric acid digestion. b-3-Phosphoglycerate 
was measured either enzymically as described in the text or by 
the polarimetric method of Meyerhof and Schultz (18). P%- 
labeled P; was separated from phosphate esters by the method of 
Hagihara and Lardy (19). Dihydroxyacetone phosphate was 
determined by coupling isomerase to triosephosphate dehy- 
drogenase and measuring DPN reduction in the presence of 
arsenate. 

Barium was determined by the following modification of the 
method of Frediani and Babler (20). To 5 ml of a sample con- 
taining about 1 mg of barium in a conical centrifuge tube are 
added 2 drops of glacial acetic acid and 2 ml of 30% ammonium 
acetate. The solution is carefully heated to boiling over an open 
flame, and 3 drops of 10% ammonium chromate are added drop- 
wise with shaking. The tube is placed in a boiling water bath 
for 30 minutesand then quickly centrifuged. Thesupernatant so- 


-lution is quickly drawn off with a capillary pipette, and the resi- 


due is resuspended in 6 ml of hot water and centrifuged im- 
mediately. The residue is washed two times more with hot 
water and then dissolved in 1 ml of 6 N HCl. The solution is 
transferred to a volumetric flask and diluted to 10 ml with 
water. The absorbancy of the solution at 355 my is then meas- 
ured against a blank cell containing 0.6 Nn HCl. Barium chro- 
mate absorbs maximally at this wave length, and the absorption 
of solutions containing from 0.1 to 1.2 mg of this salt in 3 ml of 
0.6 N HCl is proportional to concentration. One-half to 1 mg of 
barium can be determined by this procedure with a maximal 
error of 2%. 

Spectrophotometric measurements were made with either a 
Beckman model DU or with a Cary model 11! recording spec- 
trophotometer. Polarimetric measurements were made with a 
Rudolph polarimeter with a 2-dm tube. 


RESULTS AND DISCUSSION 
Preparation of Phosphohydroxypyruvic Aldehyde—Phosphohy- 
droxypyruvic aldehyde was synthesized by oxidizing dihydroxy- 


1 A grant from the Research Corporation aided the purchase of 
this spectrophotometer. 
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Y 2s was always contaminated with another phosphate ester. The | 
20 latter compound is residual dihydroxyacetone phosphate, a; | 
a a shown by the alkali lability of its phosphate ester moiety and by : 
2 IS- Eo3L enzymic assay with isomerase and triosephosphate dehydrogep. 

¢ ase. A crystalline salt of the ketoaldehyde was not prepared, but 

0.2+ small amounts of both the dinitrophenylosazone and the dioxane 
uw 7 oxonium salt of the compound were isolated. 

I Preparation of Dinitrophenylosazone—The dinitrophenylogg. 

~ R zone was prepared from the neutral aqueous solution by the pro. 
100 - abtinn 180 yg 60 cedure of Baer and Fischer (22) for the preparation of the 2.4. | 

dinitrophenylhydrazone of glyceraldehyde 3-phosphate. After 

Ane Sie it had been dried in a desiccator over P2O; and NaOH, the ogg. 


Fic. 1. Ion exchange chromatography of phosphohydroxy- 
pyruvic aldehyde. Column: Dowex 1 (formate), 200 to 400 mesh, 
1.3 ecm by 22.3 ecm. Gradient elution: double siphon technique 
with 360 ml of water in the mixing chamber (500-ml Erlenmeyer 
flask) and 1 liter of 4 m formic acid in the reservoir (2-liter Erlen- 
meyer flask); rate, 67 ml per hour; fraction volume,6ml. Porg. = 
esterified phosphate (total P minus P;) and P; = inorganic phos- 
phate. 

Fig. 2. Formation of phosphoglycery! GSH by glyoxalase I 
and its hydrolysis by glyoxalase II. The reaction mixture con- 
tained 60 wmoles of potassium phosphate (pH 6.6), 2 uwmoles of 
neutralized GSH, and 0.23 umole of phosphohydroxypyruvic al- 
dehyde (assayed with glyoxalase I) in 1.9 ml of water. Glyoxal- 
ases I and II were added as indicated in the figure. 


acetone phosphate with cupric acetate by a modification of the 
method used by Evans and Waring (21) to oxidize dihydroxyace- 
tone to hydroxypyruvic aldehyde. The starting material was 
the tricyclohexylamine salt of the dimethyl] ketal of dihydroxyac- 
etone phosphate. Removal of the cyclohexylamine and hydrol- 
ysis of the ketal were carried out essentially as described by 
Ballou and Fischer (14). The amine salt (500 mg) was dissolved 
in 10 ml of water. A total of 10 ml (settled volume of an aqueous 
suspension) of Dowex 50 (H+) were added, and the mixture was 
swirled for 1 minute and then filtered. The resin was washed on 
the filter with water until the volume of the filtrate was about 20 
ml. The solution was allowed to stand at 37° for 15 to 20 hours 
and then neutralized to about pH 5 with 10% KOH. The alkali 
was added slowly with vigorous stirring so as to avoid an excess. 
Two grams of cupric acetate monohydrate were then added, and 
the suspension was stirred for a few minutes. Acetic acid was 
then added until the turbid solution became clear and the pH 
dropped to 4.25. The flask was then stoppered, and the mixture 
was stirred magnetically at room temperature. After 18 hours, 
the yellow precipitate which usually formed was removed by 
centrifugation, and the supernatant solution was diluted to 1 liter. 
The copper was then removed by treating the solution succes- 
sively with 10 and 5 ml of Dowex 50 (H*). The colorless filtrate 
was carefully neutralized to pH 6.7 with 10% NaOH and passed 
through a column of Dowex 1 (formate) by gravity flow. The 
ketoaldehyde was eluted from the column with an increasing 
concentration of formic acid as described in Fig. 1. The eluate 
fractions were analyzed for both total phosphorus and P; and 
those containing only esterified phosphate were pooled, frozen in 
a Dry Ice-acetone mixture, and lyophilized to dryness. The 
gummy residue was dissolved in 15 to 20 ml of water, carefully 
neutralized to about pH 5 with dilute KOH, and then frozen. 
The compound was stable for weeks under these conditions. The 
over-all yield of enzymically active phosphohydroxypyruvic 
aldehyde was usually 30 to 40%. 

Analyses of two different preparations of the ketoaldehyde are 
shown in Table I. The product always contained some P; and 


zone darkened at 154° and melted with decomposition at 156° 


The compound was analyzed for total phosphorus after digestion | 


with perchloric acid. 


C, 13012N3P 


Calculated: P 5.86 
Found: P 5.78 


Preparation of the Dioxane Oxonium Salt of Phosphohydrozy. 


pyruvic Aldehyde—The dioxane oxonium salt of phosphohy. 
droxypyruvic aldehyde was prepared by the procedure of Baer } 


and Fischer (22), but only very small amounts of the noncrystal- 
line salt were obtained. The gummy residue obtained on 
lyophilization of the chromatography eluate (44 mg) was dis- 
solved in 0.25 ml of tributylphosphate, and the solution was 
passed through a sintered glass filter. Dry, peroxide-free dioxane 
(about 0.8 ml) was then added slowly until the solution just 
turned cloudy. On standing overnight, a small amorphous 
precipitate was obtained. The suspension was centrifuged, and 
the residue was washed three times with 2-ml portions of cold 
dioxane. The residue was then dried over NaOH under the 
reduced pressure of a water pump. The salt was dissolved in 
water and analyzed for total phosphorus, inorganic phosphate, 


and ketoaldehyde (enzymically with glyoxalase I). The ana-} 
lytical data indicate that the derivative is the diphospho-oxonium | 


salt. 
CioH 130 uP 2 (424 .2) 


Calculated: P 14.60, phosphohydroxypyruvic aldehyde 79.23 
Found: P 15.19, phosphohydroxypyruvie aldehyde 82.40, 


P; 0.44 


Reaction with Glyoralase—Racker (10) showed that. the 
glyoxalase reaction involves two different enzymes; glyoxalase | 


forms a thiol ester from a suitable ketoaldehyde and GSH, and 
glyoxalase II hydrolytically cleaves the thiol ester to form an} 
a-hydroxy acid and free glutathione. The glyoxalase I reaction | 
is accompanied by an increase in absorption at 240 my, whereas _ 
hydrolysis of the thiol ester by glyoxalase II results in a decrease . 


TaBLeE I 
Analysis of phosphohydroxypyruvic aldehyde preparations 

Experiment 11 Experiment 12 f 
pmoles pmoles q 

Total phosphorus............... 433 392 

Inorganic phosphate............ 49 6 
Esterified phosphate............ 384 386 : 

Ketoaldehyde*................. 301 348 


* Measured enzymically with glyoxalase I. 
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Fie. 3. Lineweaver-Burk plot of the glyoxalase I reaction with 
methylglyoxal and phosphohydroxypyruvic aldehyde as sub- 
strates. The reaction mixture contained 70 umoles of potassium 
phosphate (pH 6.6), 2 umoles of neutralized GSH, 145 units of 
glyoxalase I, and the indicated concentration of substrate in a 
total volume of 2.0 ml. Temperature, 21°. v = change in ab- 
sorbancy during the initial 30 seconds, at 240 mu. 

Fic. 4. Measurement of p-3-phosphoglycerate formed on hy- 
drolysis of phosphoglyceryl-GSH by glyoxalase II. Thiol ester 
synthesis was carried out in the usual system. Glyoxalase II was 
then added, and the thiol ester was completely hydrolyzed. An 
aliquot of the reaction mixture was then added to a system con- 
taining 100 zmoles of phosphate buffer (pH 7.1) 10 umoles of Mg- 
SO,, 1 pmole of ATP, 0.25 umole of DPNH, 40 umoles of cysteine, 
1 wg of 3-phosphoglycerate kinase, and 40 ug of triosephosphate 
dehydrogenase. The volume was 2.0 ml. A slight endogenous 
oxidation of DPNH was subtracted. Addition of either the keto- 
aldehyde or the thiol ester to this reaction mixture did not result 
in any oxidation of DPNH above the endogenous rate. 


in absorption at this wave length. Fig. 2 shows that phosphohy- 
droxypyruvic aldehyde is a substrate for glyoxalase I, and that 
the glutathione thiol ester formed is hydrolyzed by glyoxalase II. 
The Michaelis constant for the glyoxalase I reaction has never 
been reported and was therefore determined for both phosphohy- 
droxypyruvic aldehyde and methylglyoxal. The Lineweaver- 
Burk plots in Fig. 3 show that the K,, for the phosphorylated 
ketoaldehyde is approximately 4 times that for methylglyoxal. 
To confirm the structure of phosphohydroxypyruvic aldehyde, 


. it was shown in a number of ways that the product of the com- 


bined action of glyoxalases I and II on the compound was p-3- 
phosphoglycerate. In the experiment shown in Fig. 4, p-3- 
phosphoglycerate was determined enzymically by measuring 
DPNH oxidation after the addition of phosphoglycerate kinase 
and triosephosphate dehydrogenase. Neither phosphohydroxy- 
pyruvic aldehyde nor the thiol ester formed after the addition of 
glyoxalase I resulted in any appreciable DPNH oxidation. After 
the action of both glyoxalases I and II on the ketoaldehyde, the 
amount of DPNH oxidized was equivalent to that expected if all 
the ketoaldehyde was converted to p-3-phosphoglycerate. A 
similar experiment, in which p-3-phosphoglycerate was measured 
by following the oxidation of DPNH after the addition of a mus- 
cle enzyme fraction which metabolizes this compound to lactate, 
In this case, the amount of DPNH oxi- 


ized was 97% of the theoretical. Further evidence that p-3- 


_ phosphoglycerate is the product of the glyoxalase II reaction was 


obtained by measuring the optical rotation, in the presence of 
molybdate, of the reaction mixture after complete hydrolysis of a 
purified sample of the thiol ester by glyoxalase II. Table II 


Shows that the [a]? of the molybdate complex of the product is 


98% of that reported by Meyerhof and Schultz (18). 


R. H. Weaver and H. A. Lardy 
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TABLE II 


Optical rotation of the molybdate complex of product of glyoralase 
IT hydrolysis of phosphoglyceryl-GSH 

The reaction mixture contained 51.9 umoles of purified, barium- 
free thiolester and 4400 units of glyoxalase II in 3.5 ml of 0.085 m 
sodium acetate (pH 6.0). The reaction was allowed to proceed 
until the optical density at 240 my reached a minimum. To 1.6 
ml of the reaction mixture were then added 0.4 ml of water and 
1.0 ml of 25% ammonium molybdate. The optical rotation of the 
solution was then measured against a blank containing 1.6 ml of 
the reaction mixture plus 1.4 ml of water. 


Observed rotation........................ —2.14° 
100 
35 
a0} 
ve | 
L L 
20 40 60 80 100 120 
TIME (MINUTES) 


Fic. 5. Stability of phosphohydroxypyruvic aldehyde in alkali. 
Thirty umoles of the compound in 3 ml of 0.01 Nn NaOH were in- 
cubated at 30°. At the indicated times, 0.1-ml aliquots were with- 
drawn and neutralized with HCl. The aliquots were then ana- 
lyzed for ketoaldehyde content with glyoxalase I. 


Since phosphohydroxypyruvic aldehyde seemed to be very 
labile under certain conditions, the stability of the compound to 
acid and alkali was studied. On standing in 0.01 Nn NaOH at 
30°, the compound rapidly loses activity as a substrate for 
glyoxalase I (Fig. 5). The phosphate ester moiety of the com- 
pound is not hydrolyzed under these conditions, and it can be 
considered ‘“‘alkali-stable,”’ since no P; is released when the com- 
pound is kept in 1 N NaOH for 1 hour at 30°. The phosphate 
ester moiety of this compound is, therefore, much more stable 
than that of glyceraldehyde 3-phosphate. The latter compound 
readily loses phosphate by elimination, even at neutral pH, to 
yield methylglyoxal (5). Phosphohydroxypyruvic aldehyde does 
not have an active hydrogen atom in the position a to the phos- 
phate ester, and is therefore not subject to this nonhydrolytic 
dephosphorylation. 

The alkaline inactivation of the ketoaldehyde as a substrate 
for glyoxalase I is not surprising, since under comparable condi- 
tions methylglyoxal undergoes an internal oxidation-reduction to 
form lactic acid. Measurement of the acid stability of the phos- 
phate ester linkage before and after treatment with alkali shows 
that this treatment results in the production of a new compound 
(Fig. 6). When an aliquot of the reaction mixture from the 
alkali treatment was assayed directly for p-3-phosphoglycerate 
with phosphoglycerate kinase and triosephosphate dehydrogen- 
ase, the amount of DPNH oxidized was equivalent to 50% of 
that expected if all the initial ketoaldehyde were converted to D- 
3-phosphoglycerate. This was to be expected, since alkali treat- 
ment should result in the production of a racemic mixture. 
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Fic. 6. Acid lability of phosphohydroxypyruvie aldehyde be- 
fore and after treatment with alkali. The compounds were heated 
in 1 Nn H.SO, in a boiling water bath. In B, the compound was 
kept in 0.1 nN NaOH for 90 minutes at room temperature and then 
neutralized before acid hydrolysis. At the indicated times, ali- 
quots were withdrawn, neutralized, and analyzed for Pi. The 
ketoaldehyde sample used in this experiment was of 90% purity. 
The contaminant apparently accounts for the 10% of the organic 
phosphate which was not hydrolyzed. 


Lack of optical rotation in the presence of molybdate confirmed 
the presence of a racemic mixture. 

Purification of the GSH Thiol Ester of Phosphoglyceric Actd— 
The GSH thio ester of phosphoglyceric acid was purified and 
some of its physical properties were determined. The thiol 
ester was synthesized enzymically with glyoxalase I and then 
purified by fractional precipitation of the barium salt. To 2 ml 
of a neutral solution containing 50 wmoles of phosphohydroxy- 
pyruvic aldehyde of 90% purity, 0.1 ml of 1 M sodium acetate, 
0.6 ml (60 pwmoles) of neutralized GSH, and 0.03 ml (22,000 
units) of glyoxalase I were added. The reaction mixture was 
kept at room temperature until an appropriate dilution showed 
no further increase in optical density at 240 mu. A 25% solution 
of barium acetate (0.3 ml) was then added, and the slight precipi- 
tate which formed was removed by centrifugation. The super- 
natant solution was then cooled in an ice bath and dilute HBr 
was added until the solution was acid to Congo red. Cold 95% 
ethanol (1.2 ml) was then added, and the slightly turbid solution 
was immediately centrifuged at 5°. The residue was discarded, 
and 1 ml of cold alcohol was added slowly to the supernatant 
solution with constant stirring. The solution was kept at 0° for 
2 hours and then centrifuged. The residue was washed by cen- 
trifugation with 5 ml of 80% ethanol and then twice with 5-ml 
portions of 95% ethanol. The residue was then dried over CaCl: 
under reduced pressure. For further purification, the barium 
salt (27 mg) was suspended in 2 ml of water at room temperature 
and a slight insoluble residue was removed by centrifugation. 
To the supernatant solution at 0° were then added 0.1 ml of 25% 
barium acetate and dilute HBr until the solution was acid to 
Congo red. Two volumes of cold 95° ethanol were added 
slowly with stirring and, after standing at 0° for 2 hours, the 
precipitate was removed by centrifugation. The residue was 
washed and dried as above. The over-all yield was 25 mg 
(70%). The salt, which can be dissolved in water without the 
addition of acid, appears to contain about 3 moles of water of 
crystallization. 


Calculated: P 4.23, Ba 28.12 
Found: P 4.25, Ba 27.54, Pi 0 
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Fig. 7 shows the ultraviolet absorption spectrum of an aqueous 
solution of the barium salt of phosphoglyceryl glutathione. The 
spectrum of this thiol ester is almost identical with that reported 
by Racker (8) for lactyl glutathione. Some optical properties 
of the thiol ester in neutral solution are: Amax = 235 My; €4 ny 
= 3750; €233 my = 3370. 

Transfer of Phosphoglyceryl Movety—Transfer of the phos- 
phoglyceryl moiety was attempted to ascertain whether there 
might be some mechanism whereby the “high energy”’ of the 
thiol ester bond could be conserved. Racker (8) was unable to 
show any requirement for P; in the glyoxalase IT reaction, thereby 
demonstrating, at least with lactyl-GSH as substrate, that there 
is no formation of an intermediate acyl-phosphate compound 
which might then be hydrolyzed to lactic acid. 

The transfer of the acyl group of a number of other thiol esters 
to triosephosphate dehydrogenase has been demonstrated in a 
variety of ways (23-25). It was of special interest to test phos- 
phoglyceryl glutathione for acyl transfer to this enzyme, because 
the acyl-enzyme formed would be identical with that arising 
from oxidation of glyceraldehyde 3-phosphate. One method of 
demonstrating acyl transfer to this enzyme is to show an arsenoly- 
sis of a thiol ester to the corresponding acid in the presence of the 


enzyme, DPN, and arsenate at alkaline pH. This reaction was — 
studied in two ways with phosphoglyceryl glutathione as sub- © 


strate. We looked for a disappearance of the thiol ester by 
measuring the absorption at 240 my, and for the formation of 
3-phosphoglycerate by adding the muscle enzyme fraction which 
metabolizes this compound to lactate, with DPNH as electron 
donor. No thiol ester disappearance or phosphoglycerate for- 
mation could be demonstrated with up to 2 mg of enzyme. 
Another method used to test for acyl transfer was to attempt the 
reversal of the oxidative formation of the thiol ester; that is, the 
formation of glyceraldehyde 3-phosphate from the thiol ester in 


a system containing the enzyme and DPNH. This reaction , 
should result in the oxidation of DPNH. With phosphoglyceryl- | 


glutathione as substrate, we could detect no decrease in absorp- 
tion at 340 mu when up to 10 mg of triosephosphate dehydrogen- 
ase was added. Finally, we used the more sensitive method of 
measuring the incorporation of P-labeled P; into ATP in a sys- 
tem containing the enzyme (up to 2 mg), phosphoglycerate ki- 
nase, DPN, and the thiol ester. No significant incorporation of 


0.4 


370260 250 240230 220 
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Fig. 7. Absorption spectrum of barium phosphoglyceryl-GSH ; 
in aqueous solution. Thiol ester concentration, 1.1 X 10-* M; 
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p2 into ATP could be demonstrated. On the basis of these ex- 
periments it seems unlikely that the acyl group of phosphoglyc- 
eryl-glutathione can transfer to triosephosphate dehydrogenase. 
This might be expected, since others have shown that the size of 
the substrate critically affects the rate of acyl transfer to triose- 
phosphate dehydrogenase. Wolff and Black (22) showed that 
phosphoglyceryl-methyl! thiol ester is easily arsenolyzed or con- 
verted to glyceraldehyde 3-phosphate and methyl mercaptan by 
thisenzyme. In contrast, Racker and Krimsky (24) showed that 
the rate of arsenolysis of thiol esters such as acetyl glutathione 
and glyceryl glutathione is extremely slow. 

A number of other experiments were carried out in the search 
for a system for conserving the energy of the thiol ester bond. 
No evidence for a thiol ester-dependent incorporation of P*- 
labeled P; into ATP was obtained when extracts of rat liver or 
yeast were used as the enzyme source. 

Since there is, as yet, no evidence for the natural occurrence of 
phosphohydroxypyruvic aldehyde, the natural substrate for 
glyoxalase remains in doubt. It should be pointed out, however, 
that the p configuration of the product of glyoxalase action cor- 
responds, in this case, to the configuration of natural phospho- 
glyceric acid. Incidentally, no evidence could be obtained for 
the formation of phosphohydroxypyruvic aldehyde from ribu- 
lose diphosphate and CO, by extracts of spinach. 

Concerning the natural substrate of this enzyme, Elliott (26) 
has recently shown that methylglyoxal is a product of the oxi- 
dative deamination of aminoacetone by an enzyme from ox blood. 
Since aminoacetone is a product of the bacterial degradation of 
glycine and threonine (27, 28), and since this ketone is synthe- 
sized from acetyl-CoA and glycine by red blood cell preparations 
(29, 30), Elliott (28) has postulated that the glyoxalase system 
may participate in a cycle for the oxidative degradation of glycine 
and threonine. 


SUMMARY 


1. Phosphohydroxypyruvie aldehyde was synthesized from 
dihydroxyacetone phosphate by oxidation with cupric acetate 
and was purified by ion exchange chromatography. The acid 
and alkali lability of the compound are described. 

2. It was shown that this ketoaldehyde is a substrate for gly- 
oxalase I and that the glutathione derivative formed by this en- 
zyme is hydrolyzed by glyoxalase II to form p-3-phosphoglyceric 
acid. The Michaelis constant for methylglyoxal-glyoxalase I 
is 10-* M; that for phosphohydroxypyruvic aldehyde-glyoxalase 
lis4 X 10-3 

3. Phosphoglyceryl glutathione, synthesized enzymically from 
phosphohydroxypyruvie aldehyde and glutathione by glyoxalase 
I, was purified by fractional precipitation of the barium salt. 


R. H. Weaver and H. A. Lardy 


Some optical properties of this thiol ester were measured. 
tempts to show an acyl transfer reaction between the thiol ester 
and crystalline triosephosphate dehydrogenase were unsuccessful. 
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The glucose tolerance factor is a dietary agent. required in 
rats for maintenance of normal removal rates of glucose from 
the blood (2). Recently, we have identified trivalent chromium 
as the active ingredient (3). GTF! is present in natural diets, 
for instance table scraps or MecCollum’s wheat-casein diet, 
whereas Torula yeast diets, casein-sucrose diets, and even com- 
mercial laboratory chows were found to be GTF-deficient (4). 
Trivalent chromium thus appears to be a physiological dietary 
agent, in very small amounts essential for normal utilization of 
glucose. Certain, but not all, trivalent chromium complexes 
prevent the development of the impaired glucose tolerance on 
GTF-deficient diets; they also cure the fully developed defect 
overnight with a single stomach-tubed dose of 20 ug of chromium 
per 100 g of weight. 

In the intact animal, intravenous glucose tolerance is affected 
by many regulatory mechanisms. It is known that periphéral 
tissue is the main site of glucose disappearance, whereas the liver 
plays only a minor role (5). Conversion into fat appears to be 
a major metabolic pathway for the excess sugar. In order to 
define the site of action of GTF more closely, glucose uptake 
was measured with epididymal fat tissue from rats on GTF- 
deficient and GTF-supplemented diets, and a study was made 
of the effect in vitro of trivalent chromium complexes on the 
incorporation of glucose into fat. It was found that minute 
levels of GTF-active chromium compounds under appropriate 
conditions greatly enhance the activity of this system. 


EXPERIMENTAL PROCEDURE 


Animals—Male Sprague-Dawley rats of the National Insti- 
tutes of Health colony were raised in individual, wide mesh wire 
cages after weaning. They had free access to food and water. 
The technique of the intravenous glucose tolerance test has been 
described (6). Animals for the studies 7m vitro were killed by 
decapitation after 18 hours of fasting, after having been on the 
diets for approximately 4 to 5 weeks. Rats showing indications 
of disease or a less than normal weight gain were discarded. 

Diets—As basal diet, Purina laboratory chow for rats, mice, 
and hamsters (Ralston Purina Company) was fed ad libitum. 
This diet is GTF-deficient (4). For one experiment, the diet 
was supplemented with 1 mg of chromium, as hexaurea chro- 
mium(II1)trichloride, per 100 g of ration. 

Chromium Compounds—Hexaurea chromium(III)trichloride 
(Cr[{CON2H,4]¢Cls), 100 mg, was dissolved in 10 to 20 ml of water 


* A preliminary communication has appeared elsewhere (1). 
! The abbreviation used is: GTF, glucose tolerance factor. 
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and slowly added to 1 kg of finely ground Purina laboratory 
chow under constant stirring. For most assays in vitro, chrome 
alum, chromium(ic) potassium sulfate, 
24H.0,” (Baker Analyzed reagents) was used. Of this, 100 mg 
were dissolved in 4 ml of water. NaQH, 2 ml, 1 N, were added. 
The clear green solution was immediately diluted to 50 ml with 
water, and further diluted to contain the desired concentration 
of chromium in 0.05 ml. This was added directly to the medium. 

Experiments in vitro—Epididymal fat tissue was prepared 
according to Winegrad and Renold (7). 
sue, weighing approximately 100 mg, were easily obtained from 
each rat. One of these served as a control. The sequence 
of additions to the others was governed by a randomization 
table. All glassware was washed according to Paixao and Yoe 
(8). Glucose was treated with Amberlite IRC-50 resin in 
order to minimize contamination with trace metals. Freshly 
prepared, oxygenated Krebs-Ringer phosphate medium or the 
modification of Robinson (9) was used. Chromium supplements 


were added immediately before incubation, in 0.05 ml of water; | 
The pieces of fat tissue were | 


added to oxygenated 25-ml flasks, containing 2 ml of warm 


controls received water alone. 


medium at pH 7.4 with glucose (1 mg per ml) as substrate. The 
tissue was incubated for 2 hours at 37° in a Dubnoff shaker. At 
the end of the incubation, 1 ml of medium was withdrawn for 
glucose determination in duplicate, according to Somogyi- 
Nelson (10, 11). Then the tissue was blotted and weighed. 


Uptake was calculated from the difference of glucose concen- — 
trations between individual flasks and that of medium incubated — 
It is expressed as micrograms per 100 milli- — 
The results of a series of preliminary — 
experiments, based on measurements of glucose uptake of 4— 
pieces of epididymal fat each from 10 rats, were analyzed statis- 
It was calculated that a 25% increase of uptake over — 


without tissue. 
grams of tissue per hour. 


tically. 
the controls becomes significant at the 5% level when 8 animals 


are used. To obtain this significance for a 50% increase, only — 
3 animals were required. Most results reported here were ob- | 


tained with 10 rats or more.? 


Radioisotope Experiments—Uniformly labeled  glucose-C" 
(Volk Radiochemical Company) and sodium acetate-1-C" 
(Tracerlab, Waltham, Massachusetts) were used. Samples were ; 


counted in a windowless flow counter; corrections for backgro 


and self-absorption were applied. The procedures for determin- 


ing the incorporation of label into fat were those described by 
Winegrad and Renold (7). 


2 The authors are indebted to Dr. Joan M. Gurian for the sta-_ 
tistical analysis. 
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RESULTS 


The effect of dietary chromium supplementation to the GTF- 
deficient Purina ration is shown in Table I. A dose level of 1 
mg of chromium per 100 g of diet, added as the hexaurea com- 
plex, led to significantly higher glucose removal rates in the 
intravenous glucose tolerance test of 10 supplemented rats as 
compared to 9 controls after 5 weeks on the ration. Body 
weights of the two groups did not significantly differ, in accord- 
ance with previous observations (4). When these rats were 
killed and glucose uptake by epididymal fat tissue was measured, 
no difference could be detected between the two groups in the 
absence of insulin. In the presence of 1 milliunit of insulin per 
flask, however, glucose uptake was found to be 67% higher in 
the chromium-supplemented group than in the suetenbis The 
incorporation of lesser amounts of chromium (100 and 500 ug/100 
g) into the diet produced neither an effect on glucose tolerance 
nor on glucose uptake in vitro, but it is not known to what ex- 
tent the hexaurea complex is really absorbable and biologically 
effective under these circumstances. 

When trivalent chromium, as a neutralized solution of chrome 
alum, was added in vitro to epididymal fat tissue of rats on the 
unsupplemented Purina diet, a pronounced increase of glucose 
uptake was obtained with 0.1 wg of the element (Table II). For 
this level of chromium, as chrome alum, the insulin level optimal 
for the effect was determined. Without chromium, fat tissue 
shows a progressively rising glucose uptake with increases of 
insulin levels. Like in the preceding, dietary experiments, the 
element did not stimulate glucose uptake in the absence of insulin. 

jith rising insulin concentrations, the chromium effect increased 
until an optimal insulin concentration of approximately 1 milli- 
unit per flask was reached. -With further increases of the hor- 
mone, the response to chromium diminished. At 10 milliunits 
of insulin, the tissue without chromium showed an uptake of 92 
ug of glucose per hour, and no significant increment by supple- 
mentations of 0.1 ug of chromium is seen at this or higher insulin 
levels. It appears as if chromium, under these conditions, does 
not increase further an already elevated glucose uptake (see 
below). 

With the dose of 1 milliunit of insulin per flask, the response 
to different levels of chromium was then studied (Table III). In 
animals with a basal uptake of less than 50 ug per 100 mg per 
hour, the dose response shows an optimum observed between 
0.01 and 0.1 wg of chromium per flask. These levels are 10-7 
and 10-* m, respectively, but it must not be assumed that all the 
added chromium is present in a biologically active form. Glu- 
cose uptake was almost doubled. With lower, but also with 
higher doses, the effect diminished. 

The effect of chromium supplementation depends clearly on 
the state of the animal. It is most pronounced in rats with 
impaired low glucose uptake by epididymal fat tissue. As could 
be expected from the results described above, the addition of 
chromium brings the incorporation of glucose into fat to a cer- 


_ tain optimal level which cannot be exceeded by higher doses of 
_ theelement. A certain percentage of our rats has still normal 
_ OF near normal intravenous glucose removal rates when pre- 
_ fested for the curative GTF assay, i.e. after 5 to 6 weeks on the 
_ GTF-deficient basal diet. In these, application of GTF-active 
_ chromium complexes by stomach tube does not increase glucose 


: tolerance further. Neither does it, when added in vitro, further 


. Increase the incorporation of glucose into the epididymal fat 


tissue if the latter is at its peak of activity. From our results 


TABLE I 


Effect of dietary chromium supplementation on intravenous 
glucose tolerance and on glucose uptake by epididymal fat tissue 


Glucose uptake 
Supplement Weight With 1 milli- 
Without unit insulin 
. per flask 
ug Cr/100 g diet® g ug/100 mg/hr” 
None 8) 244 3.7 + 0.5 200+3 | 3345 
1000 10 236 5.7 + 0.5 22+4) 5523 5 
¢ Added as hexaurea chromium(III) trichloride. 
®’ Mean and standard error. 
TABLE II 
Effect of chromium(III) and insulin on glucose 
uptake by fat tissue in vitro 
Glucose uptake 
Insulin Increase of uptake 
Without 
Milliunits/flask ug /100 mg hr” ug/100 mg/hr® de 
0 10 16+ 5 12+ 3 
0.01 10 23 + 3 31+ 5 82+ 5 +35 
0.1 10 36 + 4 52+5) 16+ 6 +44 
1.0 10 41+ 6 71+9); 30+6 +73 
10 12 92 + 8 97 + 8 6 + 6 +5 
100 12 | 1246+ 11 122+ 8 
* As chrome alum, 0.1 ug/flask. 
®’ Mean and standard error. 
TABLE III 
Dose response of epididymal fat tissue to 
chromium(III) supplementation 
Glucose uptake 
Supplement |No. of rats : Increase of uptake 
Experiment | Experiment 
A 
BE ug/100 mg/hr4 4g/100 mg/hr4 
0 10 9 | 32+4! @+4 
0.0001 9 25 + 8 —-1+ 8 
0.001 9 33 + 6 +7 + 6 +28 
0.01 10 59 + 7 +28 + 6 +88 
0.1 10 62 + 9 +30 + 6 +94 
1.0 10 46+ 8 +14 + 6 +44 
10 9 40+7;}+14+ 8 +54 


* All flasks contained 1 milliunit of insulin. 

> Since only four pieces of tissue were obtained from each rat, 
two series of experiments were necessary to test the six dose levels. 

¢ Added as neutralized solution of chrome alum. 

Mean and standard error. 


with large numbers of experiments at an insulin level of 1 milli- 
unit it is evident that stimulation of uptake by the chromium 
diminishes with increasing basal glucose uptake; usually, no 
great effect is observed when the latter exceeds 60 ug/100 mg of 
tissue per hour. These results seem fully consistent with the 
concept that GTF-active chromium is a normal dietary require- 
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ment. It appears that animals with high basal glucose uptake 
are not sufficiently depleted of GTF-active chromium. 

In the intravenous glucose tolerance test in GTF-deficient 
rats it has been shown that different chromium complexes possess 
widely different degrees of biological activity. The compounds 
had been given by stomach tube (3). A similar pattern of rela- 
tive potencies has evolved for the effect in vitro on glucose uptake 
by epididymal fat tissue (to be published separately). Com- 
pounds of high structural stability, such as the ethylenedia- 
mine complexes or chromium-acetylacetonate, were ineffective. 
Others showed varying degrees of biopotency depending on the 
ligands contained in the shell. Neutralized solutions of chrome 
alum, and the bis-biguanide hydroxoaquo chromium sulfate 
These findings demonstrate that not all trivalent 
chromium complexes are GTF-active. The same conclusion 
has been drawn from the results with intact animals. The 
determination of chromium in nutrients and other materials does 
not furnish information about their GTF contents. The latter 
can be measured only by bioassay. 


were potent. 


Chromium(III) and Glucose Uptake by Fat Tissue 


Vol. 236, No. 2 


acetate-1-C™, nonradioactive glucose and insulin were used. 
However, the increase produced by the element was only approx. 
imately half of that observed with labeled glucose, indicating 
that the primary point of action of chromium may be more 
closely related to the initial steps of glucose utilization than to 
the enzyme system forming fatty acids from acetate. However, 
omission of insulin in this case did not completely prevent chro- 
mium from producing a stimulatory effect, the increase in label jn 
the fat amounting to 24°%. When acetate-1-C™ was used with- 
out glucose, with or without insulin, the resulting values were 
barely different from those of the corresponding controls. The 
phenomenon that glucose stimulates acetate incorporation into 
fat, described by others (7), is related to the fact that it gives 
rise to TPNH and DPNH, necessary for acetate assimilation, 
and possibly also that tricarbon intermediates of glucose break- 
down are needed as precursors of glycerol during fat synthesis. 


DISCUSSION 


Whereas it was previously shown that trivalent chromium js 


The effect of 13 other elements on glucose uptake by fat tissue the active ingredient of the glucose tolerance factor, effective in 
in vivo was tested. Three rats’ were used for each compound. the intact animal in reconstituting low intravenous glucose 
The following salts were added at levels supplying 0.1 wg of tolerance in deficient rats to normal, the present studies demon- 
element per flask: TiCl,, VOSO,-2 HO, MnSO,-H:,O, FeSQ,, strate a direct action of the element on glucose utilization by 
Co(C2H;02)2-4 Ni(C2H302)2-4 Y(NOs3)3-6 peripheral tissue, elicited in vitro. Although other potential 
Zr(SO;)2-4 HoO, MoO;3, RhCl;, PdCl.-2.6 CdSO, Of sites for the GTF effect, for instance hepatic glucose deposition p 
these, only manganese produced a significant effect in this sys- and release or superimposed endocrine systems, have not been __ tl 
tem. In a group of four animals, a preliminary comparison of ruled out, it appears that the effect in the periphery could ac- al 
the activity of this element with that of chromium gave the count for the increase of glucose removal rates produced by the 0! 
following rates of glucose uptake (in ug per 100 mg per hour): element in GTF-deficient, intact animals. In the latter, 20 th 
Controls, 33; Mn, 45; Cr, 55; Mn + Cr, 55. The increase ef- yg of chromium per 100 g of body weight will bring a deficient OC 
fected by manganese was approximately half of that by chro- removal rate of approximately 2% per minute back to the normal de 
mium. Inthe intact animal, manganese did not influence glucose level of 4 to 4.5%. In the system in vitro, with 100 mg of fat ac 
removal (3). tissue, 0.01 to 0.1 ug of the element in 2 ml of medium enhances to 
Experiments with Labeled Substrates—Since it was established — the conversion of glucose to fat by 70 to 95%. Both effects,ie. wi 
in the above experiments and in preliminary trials with labeled the increase of glucose tolerance in vivo (3), as well as the enhance- | _ po 
glucose that the optimal insulin dose under our average condi- ment of glucose uptake in vitro, are specific for chromium. In Ee. 
tions was approximately 1 milliunit per flask, this level was vivo, 47 other elements have been tested and found ineffective, | are 
used throughout the following experiments whenever glucose and most others could be ruled out by circumstantial evidence.| Th 
was a substrate. For enhancing the incorporation of labeled In the fat tissue assay, out of 12 other transition elements, only | _ nat 
glucose into petroleum ether soluble lipids, 0.1 wg chromium per manganese showed a slight stimulatory action. «pou 
flask was required. The resulting increase was 76%, an effect It must be noted in this context that a stimulatory effect of | wit 
quite similar to that described above for the unlabeled experi- chromium, and to a lesser degree also of manganese, has been gen 
mental system (Table IV). found by Curran (12) in 1954. Incorporation of label from =‘ 
A significant response to chromium was also observed when acetate-C™ by surviving liver into cholesterol and fatty acids [ bee 
Tats 
TABLE IV dem 
Effect of chromium supplementation in vitro on incorporation of carbon" into fat 
Tissue Incorporation 
Substrate and supplements® awe to high 
Control With Cr(III)? Control With Cr(III)® 
c.p.m./100 mg uM C14/100 mg/hr© % of control miun 
Glucose-C™, insulin....................0. 618 1,080 0.061 + 0.004 0.106 + 0.006 75 ity 
Acetate-1-C, glucose, insulin............ 7,860 11,850 0.078 + 0.02 0.12 + 0.03 51 appli 
Acetate-1-C™, glucose.................... 6,300 7,820 0.032 + 0.005 0.039 + 0.007 24 this j 
Acetate-1-C™, 8-hydroxybutyrate......... 1,890 2,230 0.019 + 0.004 0.022 + 0.005 18 more 
3,300 3,500 0.033 + 0.016 0.035 + 0.016 6 
2 Incubation was carried out in 2 ml of medium, with the following concentrations per flask: uniformly labeled glucose-C"™, 11 uM; The j 
acetate-1-C™, 60 um; 6-hydroxybutyrate, 22 um; insulin, 1 milliunit. x — 
carbor 


>’ Cr(III), 0.1 ug, as chrome alum. ; 
¢ Mean of 5 experiments + standard error. i 


im is 
ve in 
ucose 
mon- 
yn by 
ential 
sition 


ficient 
ormal 
of fat 
vances 
ts, 
hance- 
n. 
ective, | 
idence. | 


s, only | 


fect of 


s been 
1 from 

ids 
y acids : 


February 1961 


was significantly increased by those two elements at concentra- 
tions of around 10 X 10-4 m. This effect did not depend on 
the presence of insulin, and the doses per amount of tissue were 
260 to 520 times those effective in our system (12). Recently, 
yon Brand identified manganese as the active ingredient of a 
heat-stable factor from liver which increases incorporation of 
acetate-C™ into fat by a soluble enzyme system from pigeon 
liver (13). These phenomena may be due to the fact that man- 
ganese is a cofactor in a number of enzymatic reactions involved 
in acetate utilization for fat synthesis, or in auxiliary mechanisms. 

The effective dose levels of chromium are physiological, 7.e. 
they are within the limits of chromium contents normally found 
in tissues or nutrients. Many older data in the literature 
reporting “‘zero”’ chromium contents in organs or other materials 
of biological origin are misleading since they were obtained with 
methods too insensitive to assay the amounts physiologically 
present. From the above mentioned dose levels, no conclusion 
can be drawn as to the minimal amount of chromium effective in 
this system. The form of trivalent chromium present at the 
site of action is unknown. Chrome alum, for example, contain- 
ing the element as the hexaaquo complex, [Cr(H:O).]+*+*, under- 
goes a number of reactions when dissolved and partially neu- 
tralized in water (14). Some of the water molecules of the inner 
shell are hydrolyzed, which gives rise to hydroxo-aquo com- 
plexes; others are substituted for by migration of the SO4~ into 
the inner shell of the complex. Also, hydroxo groups second- 
arily form polynuclear complexes by olation, 7.e. by formation 
of hydroxo bridges between several chromium atoms. The 
three processes, hydrolysis, migration of anions, and olation 
occur simultaneously with varying speeds. It is impossible to 
determine which of the resulting compounds are biologically 
active. Similarly, it is likely that chromium compounds added 
to the medium form at varying speeds a variety of complexes 
with components of the latter, which may be of varying bio- 
potency. These relationships remain to be clarified elsewhere. 
It is obvious, however, that only certain chromium complexes 
are GTF-active, whereas many are ineffective in vivo and in vitro. 
This means that only the bioassay, and not a chromium determi- 
nation, can give information about the GTF activity of com- 
pounds as well as natural materials. A similar situation exists 
with regard to selenium and Factor 3 against necrotic liver de- 
generation (15). 

The effects of chromium reported in this publication have 
been obtained with GTF-deficient animals. Experiments with 
rats raised on other rations will be reported separately. The 
demonstration of the action of chromium is limited to experi- 
mental conditions which produce relatively low basal uptake of 
glucose. The greatest effects are obtained at basal uptakes 
below 60 ug of glucose per 100 mg of tissue an hour. Even 
highly potent chromium complexes increase uptake only to a 
certain, normal level and not beyond. This ceiling of the chro- 
mium effect cannot be overcome by higher doses of the element. 
If uptake is spontaneously high, or if high doses of insulin are 
applied, addition of chromium is without influence. Whether 
this is due to an elimination of the need for chromium, or to a 
more effective utilization of the small traces of chromium which 
are invariably present, cannot be determined at this time. 
The present data have been obtained with Krebs-Ringer phos- 
Phate medium. The basal uptake was found to be greatly af- 
fected by the concentration of COs. Experiments with bi- 
carbonate buffer will be reported separately. 


W. Mertz, E. E. Roginski, and K. Schwarz 
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The action of chromium in the in vitro system shows a distinct 
optimum. With levels higher than 0.1 ug of element per flask, 
as neutralized chromalum, the effect diminishes. Similar ob- 
servations were made measuring the effect of stomach-tubed 
GTF on intravenous glucose tolerance in intact rats (4). These 
results may possibly suggest a regulatory function of the element 
within the physiological range of glucose utilization, but this 
conclusion must await clarification of the mechanisms through 
which the organism handles and regulates its trivalent chromium 
supply. An analogy may exist between substrate inhibition in 
enzyme systems and the inhibition by higher than optimal 
chromium levels. In systems showing substrate inhibition, the 
substrate is bound to the enzyme at two or more sites of the 
molecule at the moment of enzyme action. Excess substrate 
diminishes the chance that both binding sides are found free by 
a substrate molecule. Chromium, at the site of action, also may 
be bound by more than one of its six coordinate valences. 

The available data give no indication as to the site of action 
of chromium in metabolism, but they show that the chromium 
effect depends on the presence of insulin. It is possible, vice 
versa, that insulin depends for its action on the presence of very 
small amounts of chromium. Chromium is most effective in 
the presence of glucose as substrate; when acetate is used, the 
effect is much less pronounced. This may suggest that the active 
site of chromium is close to that of insulin. Whether an exact 
stoichiometric relation exists between insulin and chromium for 
optimal activity or for stimulation of glucose uptake in general 
cannot be deduced from the data on hand, particularly since it 
is not possible to define what part of the applied levels of chro- 
mium isin a biologically effective form and is entering actively into 
the system. 


SUMMARY 


The effect of trivalent chromium, previously identified as the 
active ingredient of the glucose tolerance factor (GTF), on glu- 
cose uptake by rat epididymal fat tissue was investigated. 

Supplementation of a GTF-deficient diet with chromium, as 
hexaurea chromium(III)trichloride, resulting in a significant 
increase of intravenous glucose tolerance in the intact animal, 
produced a 67% higher glucose uptake by fat tissue in vitro as 
compared to tissue from unsupplemented controls. 

Addition in vitro of suitable chromium complexes enhanced 
glucose uptake by fat tissue from GTF-deficient rats. The 
effect of chromium was found dependent on the presence of small 
amounts of insulin. With 1 milliunit of insulin, the response to 
trivalent chromium, added as a neutralized solution of chrome 
alum, showed an optimum at 0.01 to 0.1 ug of element per flask, 
which yielded increases of 88% and 94%, respectively. Of 13 
other elements tested, only manganese stimulated glucose up- 
take of the system, but to a lesser degree. 

Similarly, with uniformly labeled glucose, 0.1 ug of chromium 
enhanced the incorporation of glucose carbon into fat by 76% 
in the presence of 1 milliunit of insulin. A lesser effect was 
observed with acetate as substrate. 
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It was previously shown that the lactic dehydrogenases from 
various rabbit organs could be differentiated by immunochemi- 
cal means (1). Vesell and Bearn (2) have reported that human 
serum contains lactic dehydrogenases with three different 
electrophoretic mobilities. Kaplan et al. (3), using the reaction 
rates in the presence of diphosphopyridine nucleotide and its 
analogues, have shown that the lactic dehydrogenases of human 
liver and skeletal muscle differ from those of human heart and 
kidney. In pursuance of immunochemical studies designed to 
differentiate among the lactic dehydrogenases from different 
human tissues, it was necessary to purify the enzymes from 
human organs. This communication reports the method of 
purification and crystallization of lactic dehydrogenase from 
human heart, some of its properties, and the kinetics of its reac- 
tion with pyruvate, lactate, DPNH, DPN, 3-acetvlpyridine- 
*DPN, and pyridine-3-aldehyde-*DPN. 


EXPERIMENTAL PROCEDURE 


Methods—The determination of lactic dehydrogenase activity 
with pyruvate and DPNH was previously described (1); the 
enzyme was diluted for assay in buffered albumin. The reverse 
reaction with lactate and DPN or DPN analogue was measured 
at pH 8.7 in Tris buffer at the appropriate wave length for each 
nucleotide. Protein was determined by the biuret method of 
Robinson and Hogden (4) with crystalline bovine serum albumin 
asastandard. In some instances, the extinction at 280 my was 
used to estimate the protein concentration of dilute solutions of 
enzyme. All kinetic studies were performed at 37°. 

Materials—The following materials were employed: DPNH 
(Sigma Chemical Company or Pabst Laboratories), DPN 
(Pabst), 3-acetylpyridine-*DPN (Pabst), pyridine-3-aldehyde- 
*DPN (Pabst), sodium pyruvate (General Biochemicals, Inc.), 
and lithium pt-lactate (Amend Drug and Chemical Company, 
Inc.). The latter was recrystallized from water by addition of 
ethanol. In accordance with previous reports (5), the concen- 
tration of the L-isomer was assumed to be one-half the concen- 
tration of the racemate and its rate of conversion to pyruvate not 
to be affected by the presence of the p-isomer. Human heart 


* This work has been supported in part by the following grants: 
American Cancer Society Grants No. P-163 and P-164B; Grant 
No. DRG 332D from the Damon Runyon Memorial Fund for Can- 
cer Research; research grant C-4251 (C1S2) from the National 
Cancer Institute, National Institutes of Health, United States 
Public Health Service. 


muscle was obtained at autopsy as soon as possible after death, 
trimmed of fat and fibers, and kept frozen until used. 

The reciprocal plot of Lineweaver and Burk (6) was employed 
to obtain Michaelis-Menten, K,,, values. Slopes were de- 
termined by the method of least squares. 


RESULTS 


Purification of Lactic Dehydrogenase from Human Heart—All 
steps were performed at 4°. Partial purification was achieved 
according to Meister’s (7) adaptation of the method of Straub 
(8) for the crystallization of lactic dehydrogenase from ox or pig 
heart (Steps A to G, Table I). In Steps D and F of the purifica- 
tion procedure, it was essential to use freshly redistilled acetone; 
otherwise the yield of enzyme was reduced to about one-third. 
Ethylenediaminetetraacetic acid was added to a concentration 
of 0.001 in all steps involving treatment with ammonium sul- 
fate. 

The precipitate from the last treatment with (NH,).SO, (Step 
G) was dissolved in 10 ml of water. A portion of this solution 
containing 5.7 & 108 units of activity and 390 mg of protein was 
dialyzed overnight against 0.001 mM phosphate buffer pH 7.0, 
clarified by centrifugation, placed on a column of hydroxyapatite 
(9) (2.0 cm in diameter and 20 em high), and washed in with 
115 ml of 0.001 m buffer. The enzyme then was eluted from the 
column with 100 to 150 ml of 0.1 mM phosphate buffer pH 7.0. 
The clear solution was dialyzed overnight with stirring against 
3 volumes of a saturated solution of (NH4)2SO,4 containing 0.001 
M ethylenediaminetetraacetic acid. The suspension of enzyme 
obtained from this treatment exhibited a silky sheen when 
swirled, indicating the presence of crystals. These were col- 
lected by centrifugation and were dissolved in a minimal volume 
of distilled water. Recrystallization was accomplished by the 
slow addition either of 0.21 g of solid (NH4)2SO,4 per ml of 
solution, or of a saturated solution of (NH4)2SO, (4°) to about 
40% saturation. The specifie activity of the recrystallized 
enzyme in different preparations was 2.6 to 2.8 x 10° units per 
mg of protein, equivalent to a AA of 0.028 per minute at a pro- 
tein concentration of 0.01 ug per ml of reaction mixture. This 
activity could not be increased by further recrystallizations. A 
résumé of a typical purification is shown in Table I. 

The electrophoretic pattern of a solution of recrystallized 
human heart lactic dehydrogenase at pH 8.6 in barbital buffer, 
ionic strength 0.1, is shown in Fig. 1. The main component 
migrated at the rate of 5.7 cm sec—, and comprised 


323 


sche 
ate, 
bri- | 
} 
| 
t 
| 
| 
“3 


324 Human Heart Lactic Dehydrogenase 


TABLE I 
Purification of lactic dehydrogenase from human heart 


| 
Treatment | Activity Protein 
A  Hw& extraction 8000 11 
Bo Ca;(PO4)2 gel 2040 33 62 73 
 (NH4)2SO, 2120 16 | 132 76 
I) Acetone | 220 1090 4.6 | 237 39 
EK (NH,4)2S04 1090 2.0 | 503 39 
F Acetone | 25 725 | 26 
G  (NH4)2SO, | 6 $25 0.486 1900 29 
H Chromatography 11 510 0.214 2480 18 
and erystalliza-— | 
tion | | | 
Reerystallization 5 350 0.127 2760 13 
* See text. 
D A 


eee 
a 


Fic. 1. Electrophoretic patterns of purified human heart lactic 
dehydrogenase, specific activity 2.7 X 10° units per mg of protein, 
in Veronal buffer, [/2 = 0.1; pH 8.6. A and D are ascending 
and descending patterns, respectively. 


about 91°; of the protein present. A single slower component, 
about had a mobility of 4.5 10-> cm volt sec"!.  Ultra- 
centrifugal analysis of recrystallized human heart lactic dehy- 
drogenase in 0.2 M NaCl containing 0.01 mM phosphate buffer pH 
7.4, is shown in Fig. 2. The enzyme appeared to be mono- 
disperse at 1.57%, 0.79%, 0.39%, and 0.19% protein concentra- 
tion and had a sedimentation constant Se., = 7.6 X 10-* see. 
This value and that of the diffusion constant obtained from a 
sedimentation equilibrium run by the method of Ehrenberg (10) 
gave a value of 140,000 + 4000 for the molecular weight.!. The 
ultraviolet absorption spectrum of a 0.033% solution of enzyme 
(Fig. 3) vielded a value of 16.4 for £3g5. A shoulder at 290 to 292 
my was observed in all preparations tested. The use of Goodwin 

1 The authors are greatly indebted to Dr. Mary G. Hamilton 


for performing the ultracentrifugal analyses, and to Dr. Mary L. 
Peterman for the use of laboratory facilities. 
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and Morton’s formula (11) vielded a value of 0.140 x 10-* moles 
of tyrosine and 0.220 x 10-* moles of tryptophan per g of pro- 
tein. The tyrosine-tryptophan ratio was 0.63. On the basis of 
a molecular weight of 140,000, the molecule contained approxi- 
mately 20 tyrosyl and 31 tryptophanyl residues. Vallee and 
Wacker (12) reported that 1,10-phenanthroline inhibited both 
rabbit muscle and beef heart lactic dehydrogenase, preparations 
considered to have zine as a functional component. In the 
present study, concentrations of 1,10-phenanthroline up to 
0.01 m had no inhibiting effect on the enzyme from human heart. 

Influence of pH—Human heart lactic dehydrogenase was 
stable for at least 24 hours at values of pH from 5.2 to 9.2 at 4° 
in 0.1 M sodium phosphate buffers containing 0.15% albumin. 
Between pH 5.2 and 4.0 the enzyme was inactivated during this 
period. At pH 4.0 it was completely inactivated within 90 
minutes. Suspensions of the crystalline preparation in 50% 
saturated (NH4)2SO4 (pH 5.3) were stable at —10° for at least 
12 months. The pH activity relationship was determined in 
3-ml reaction mixtures containing 3 umoles of sodium pyruvate, 
0.255 umole of DPNH, 200 umoles of phosphate at varying pH 
levels and, in various experiments, from 0.01 to 0.02 ug of enzyme 


that had been diluted from stock suspensions in the appropriate 


buffer containing 0.15% albumin. Activity was optimal from 
pH 7.0to8.0. The activity at pH 5.5 was about 50% of optimal. 
These results are in general agreement with those of Winer and 
Schwert (13) on beef heart lactic dehydrogenase. 
Kinetics—The K mpyruvate), determined at pH 7.4 in 0.067 m 
phosphate buffer, 0.085 mm DPNH, at concentrations of enzyme 
from 0.017 to 0.028 ug per ml, and at concentrations of pyruvate 
from 2.0 10-° Mm to 3.3 * 10-3 M, was 1.18 + 0.12 
The same value was obtained at concentrations of 0.043 mM 
and 0.170 mm DPNH. The turnover number calculated for a 


Fic. 2. Ultracentrifuge schlieren picture of purified human 
heart lactic dehydrogenase, 1.5% solution in 0.2 m NaCl-0.01 phos- 
phate, pH 7.4, after sedimenting for 47 minutes at 59,780 r.p.m. 
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molecular weight of 140,000 for the enzyme was 0.78 x 105 
moles min-! mole! enzyme. 

The specificity of human heart lactic dehydrogenase was 
similar to that reported for the beef heart enzyme by Meister 
(14). a-Ketoglutarate was not reduced by the enzyme from 
human heart in the presence of DPNH, nor did the presence of 
a-ketoglutarate inhibit the reduction of pyruvate when both 
were present at equimolar concentrations (0.001 m). The rates 
of reduction at 0.001 m of a-ketovalerate and a-ketobutyrate 
were 5° and 35%, respectively, of the rate obtained with 
pyruvate. 

The A mclactatey, determined at pH 8.7 in 0.1m Tris containing 
0.017 wg of enzyme per ml, was dependent on the concentration 
of DPN: 0.44 10-2? Mm at 4.76 10-4*m DPN, 0.80 x 10-2? m 
at 2.38 10-4 mM DPN, and 1.65 x 10° mM at 0.95 x 10-*m 
DPN. This dependence was similar to that obtained with rat 
liver lactic dehydrogenase (15). The average An(ppngy) from 
three series of experiments at 0.001 M pyruvate and to enzyme 
concentrations was 1.21 x 10-° M, in fair agreement with the 
values for lactic dehydrogenase from other sources (13, 16). 

A reciprocal plot of the reaction velocities at varying concen- 
trations of DPN at pH 8.7, 0.1 m Tris buffer, and 0.05 m L-lactate, 
indicated lack of complete linearity and the probable presence of 
two straight line functions intersecting at some point between 
9x 10-'and 4.4 10-5 m DPN (Fig. 4). Statistical treatment 
of the results (17) showed that the experimental values fitted 
two separate lines better than one line. The average K»pn) 
at high concentrations in two series of experiments was 1.00 + 
0.14 x 10-4 mM, whereas the value obtained at low DPN concen- 
trations was about 1.6 + 0.7 X 10-° Mm. Essentially the same 
results were obtained at pH 8.7 and 0.005 Mo L-lactate, and also 
at pH 7.4 and 0.05  L-lactate. 

The rates of reduction of 3-acetylpyridine-*DPN and pyri- 
dine-3-aldehyde-*DPN (Fig. 5) were also best described by two 
intersecting lines: one at analogue concentrations between 1.48 
xX 10-3 m and 9.87 xX 10-5 M, and the other at concentrations 
between 4.93 10-5 mM and 4.93 x 10-§m. The K,, values for 
d-acetylpyridine-*DPN were 1.02 10-4 m at the high concen- 
trations of nucleotide and 1.75 x 10-° mM at the low concentra- 
tions. The corresponding values for pyridine-3-aldehyde-*DPN 
were 6.9 X 10-4 Mm and 1.05 10-5 M, respectively. 

Relative Rates of Reduction of DPN and Analogues by Human 
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Fic. 3. Ultraviolet absorption spectrum of human heart lactic 
dehydrogenase; 0.43 mg per ml in 0.067 m phosphate buffer pH 7.4. 
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Fic. 4. Reciprocal plot showing the change in initial reaction 
velocity (AA X 103 min“) as a function of DPN concentration. 
The reaction mixtures contained 0.1 m Tris buffer pH 8.7, 0.05 
M L-lactate, 0.008 ug per ml of purified human heart lactic dehy- 
drogenase, and the indicated concentrations of DPN. 
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Fic. 5. Reciprocal plots showing the changes in initial reaction 
velocity (AA X 103 min) as a function of 3-acetylpyridine-*DPN 
concentration (J) and pyridine-3-aldehyde-*DPN concentration 
(II). The reaction mixtures contained 0.1 m Tris buffer pH 8.7, 
0.05 m L-lactate, and the indicated concentrations of analogues. 
The enzyme concentrations in Experiments J and JI were 1.23 
ug per ml and 0.33 wg per ml, respectively. 


Heart Lactic Dehydrogenase—Kaplan et al. have studied the 
relative rates of reduction of DPN and its analogues by lactic 
dehydrogenases from different tissues and species (3, 18,19). At 
concentrations of 0.05 m t-lactate, 4.35 « 10-4 m nucleotide, 0.1 
M Tris buffer pH 8.7, and 0.02 ug of the human heart enzyme per 
ml of reaction mixture, the relative rates of reduction of DPN, 
pyridine-3-aldehyde-*DPN, and 3-acetylpyridine-*DPN were 
100, 16, and 3, respectively. Similar relative rates, namely, 
100, 13, and 5, were obtained in another pair of experiments at 
a nucleotide concentration of 0.87 x 10-4 mM and enzyme concen- 
trations of 0.02 ug and 0.04 ug per ml. Since the K,, values of 


lactic dehydrogenase for the analogues of DPN were of the same 
order of magnitude as those for DPN, and since the rates of 
reduction of the analogues in this system were considerably slower 
than the reaction rate obtained with DPN, it was of interest to 
determine the rates of reaction in the conjoint presence of DPN 
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Fic. 6. Reciprocal plots showimg changes in initial reaction 
velocity (AA X 10% min“) as a function of DPN concentration in 
the presence of: A, 6.3 * 10-5 m (JJ) and 12.5 X 10-5 m (III) pyr- 
idine-3-aldehyde-* DPN; and B, 4.9 X 10-* m and 9.8 & 10-6 
mM (III) 3-acetylpyridine-*DPN. Curves labeled J are controls 
containing no added analogue. Each reaction mixture contained 
0.1 m Tris buffer pH 8.7, 0.05 m L-lactate, 0.017 ug per ml of puri- 
fied human heart lactic dehydrogenase, and the indicated concen- 
tration of DPN. 


and its analogues. Fig. 6B shows the effects of 4.93 x 10-§°m 
and 9.86 x 10-° M 3-acetylpyridine-*DPN at concentrations of 
DPN ranging from 2.27 x 10-4 to 13.6 x 10-4M. The con- 
centrations of the remaining reactants were 0.05 Mm L-lactate, 
0.1 m Tris, and 0.0178 ug of enzyme per ml. The effects of 6.3 
<x 10-> m and 12.5 10-° m pyridine-3-aldehyde-*DPN are 
shown in Fig. 6A. These data permit two alternate formula- 
tions, either that the analogue inhibited the reduction of DPN 
competitively or, since the analogue was also reduced, that this 
situation involved the simultaneous action of one enzyme on 
two substrates. However, in either case, the mathematical 
formulation is the same (20). If the analogues are regarded as 
competitive inhibitors, then their effects are described by the 
following inhibition constants: 


Kx (3-acetylpyridine-DPN) 6.0 x 10-7; 
K i (pyridine-3-aldehyde-DPN) = 7.0 x 10-* 


If the analogues are regarded as second substrates, then the 
values for the dissociation constants of theenzyme-DPN analogue 
intermediate in the presence of DPN would have the same 
numerical values. 


DISCUSSION 


The electrophoretic mobility of the human heart lactic de- 
hydrogenase was 5.7 X cm volt! sec-!. This observation 
is in agreement with that of Vesell and Bearn (2), who found 
three zones of lactic dehydrogenase activity upon electrophoresis 
of normal human serum. One of these, constituting 34% of 
the total enzyme, migrated between the albumin and q,-globulin 
components. It was referred to as a, and was elevated in the 


serum of patients with myocardial infarction. 
As has already been noted, two values for K»(ppn), dependent 
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upon the concentration range of DPN, were obtained in the 
present study. The K,, value, 1.0 x 10-4M, obtained at a DPN 
concentration range of 11 to about 6 10-5 M was 
about the same as the values obtained by Winer and Schwert 
(13) for the beef heart enzyme over this range of DPN con- 
centration, but considerably higher than that reported for the 
enzyme from this tissue by Neilands (21). Motzok (22) ob- 
served different A,, values for plasma alkaline phosphatase in 
fowl at high and low ranges of substrate concentrations. 

On the basis that FE, the beef heart enzyme, can dissociate 
two protons, that the three possible forms may each combine 
with DPN*, and that only the °E+DPN* form binds with lactate, 
Winer and Schwert (13) formulated a mathematical expression 
for Amen) (or, in their terminology, Ao) in which the value of 
K ncppn) Was dependent on the concentration of DPN. Although 
Winer and Schwert stated that they failed to find experimental 
confirmation for this relationship with beef heart lactic dehy- 
drogenase, the data in the present paper for the enzyme from 
human heart support their formulation. We have chosen to 
demonstrate this dependence by fitting to the data two straight 
lines with statistically verifiable different slopes. The possibility 
of a moderately curvilinear relationship also exists, but because 
of the inherent experimental error, this could not be differentiated 
from two intersecting straight lines. 

As Kaplan (3) has pointed out, the study of the pattern of 
reaction velocities in the presence of DPN and of its analogues 
holds the possibility of differentiating among lactic dehydro- 
genases from various tissue and species sources. For beef heart, 
Kaplan et al. (19) obtained a DPN-pyridine-3-aldehyde-*D PN- 
3-acetylpyridine-*DPN relationship of approximately 100:33:10. 
At the same concentration of lactate and analogue, the relation- 
ship of 100:13:5 was obtained in the present study for human 
heart lactic dehydrogenase. 


SUMMARY 


Lactic dehydrogenase has been purified from human heart by 
fractionation with calcium phosphate gel, ammonium sulfate, 
and acetone followed by chromatography on hydroxyapatite. 
Electrophoretic and ultracentrifugal analyses showed the 
purified enzyme to he essentially homogeneous, and to have a 
molecular weight of about 140,000. 


Kinetic studies with pyruvate, lactate, diphosphopyridine | 
nucleotide (DPN), its reduced form, and its analogues are re- | 


ported. The turnover number of the heart lactic dehydrogenase 


calculated from Vmax with pyruvateand DPNH was 78,000 moles : 
Studies with DPN or its analogues ~ 
yielded two Michaelis-Menten, K,, values depending upon the — 


min~! per mole of enzyme. 


concentration range of nucleotide used. The relative rates of 
reduction of DPN, pyridine-3-aldehyde-*DPN, and 3-acetyl- 
pyridine-*DPN were 100:16:3, respectively. These two 
analogues inhibit the reduction of DPN competitively. 


Acknowledgment—The authors are indebted to Mr. Harry 
Kolbe for his skillful and valuable assistance in these studies. 
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The mechanism of activation of the phosphoglucomutase made as required for the day’s experiments. The calculated 
reaction by the coenzyme, a-glucose 1,6-diphosphate, was molar concentrations of the enzyme were based on a molecular 
studied by Leloir et al. (1), Sutherland et al. (2), and Jagannathan weight of 74,000 (4). 
and Luck (3). In 1954, Najjar and Pullman (4) showed that All reaction velocities were determined at 37° and at the 
the active, phosphorylated form of the enzyme interacted with optimal pH range of 7.4 to 7.6. In those experiments in which 
glucose 1-phosphate to form the coenzyme and the inactive, — the effect of glucose-6-P was being studied, phosphoglucomutase 
dephosphorylated enzyme, and that these latter products could action was measured by the conversion of the acid-labile phos- 


also interact to form glucose-6-P and the active, phosphorylated phorus of glucose-1-P into the acid-stable phosphorus of glucose- " 
enzyme. ‘The reverse reaction, glucose-6-P — glucose-1-P, was 6-P during the initial zero order portion of the reaction, in ac- ee 
formulated similarly. cordance with methods previously described (8-10). The K 
The purpose of the present study is to examine the kinetics determination of acid-labile phosphorus was not sufficiently = % 
for further insight into the details of this reaction. Data are _ sensitive at lower concentrations of substrate, and the formation | = ?' 
submitted on the relationship between the reaction velocity and of glucose-6-P was determined spectrophotometrically at these — fo 
the concentration of the substrate, glucose-1-P, and the influences as well as at higher concentrations with the glucose-6-P dehy- —§ © 
on this relationship of various concentrations of the coenzyme  drogenase system (11). The volume of the mixture in the latter : be 
and of the reaction product, glucose-6-P. reaction was 3 ml, and the composition was: Tris buffer pH 7.6, 
4x Mg*+, 1.2 TPN, 1.6 10-‘M, L-histidine, | M, 
EXPERIMENTAL PROCEDURE 2 <x 10-2 m; glucose-6-P dehydrogenase in excess, usually 0.20 | fou 
The following compounds were employed: dipotassium salt of | Kornberg units per ml. Solutions of the various reactants were ™ 
glucose-1-P (Schwarz Laboratories, Inc.), barium salt of glucose- adjusted to pH 7.5 to 7.6. The concentrations of Mg** and } se 
6-P (Schwarz) which was converted to the sodium salt, Tris histidine employed have been shown to be optimal for phos- — Vel 
buffer (The Matheson Company, Inc.), t-histidine, TPN Phoglucomutase activity (10). The concentrations of phos- . 
(Pabst Laboratories), and glucose-6-P dehydrogenase (Sigma Phoglucomutase, glucose-1-P, glucose 1 »6-diphosphate, or other e 
Chemical Company). The coenzyme, a-glucose 1,6-diphos- Teactants will be described in connection with specific exper- = 
phate, was kindly made available to us by Mr. Laufer of Schwarz. ™ents. The substrate, glucose-1-P, warmed to 37°, was added ae 
It had been obtained and then isolated in the course of preparing ast to the other reactants which had also been warmed to 37°; ‘ 
glucose-1-P from starch by means of potato phosphorylase. the mixture was rapidly transferred to a quartz cuvette in the . 
Stock solutions of the coenzyme (about 5 X 10-4 or 5 X 10-5) cell compartment of the Beckman, maintained at 37° by circula- 
were assayed by determining the inorganic phosphate liberated tion of water through a double thermospacer. Changes in the : 
as well as the glucose-6-P formed after heating in 0.1 N HCl at Ptical density at 340 my were observed during the initial i 
100° for 10 minutes (5,6). Results obtained by the two methods _2€T0 order portion of the reaction. nas 


checked well, and the average was used as the basis for further aan  Inth 


dilutions. The stock solutions were kept frozen in small lots in M oh 
the deep freeze and were stable for at least 6 months. Evaluation of Concentration of Coenzyme, Glucose 1 ,6-diphos- bik 
Crystalline phosphoglucomutase was prepared from rabbit Dhate, Present in Substrate, Glucose-1-P—The coenzyme, glucose Bg " 
muscle according to Najjar’s method (7), dissolved in 0.15 m 1,6-diphosphate, is present in very small quantities in com In “i , 
acetate buffer at pH 5.0, divided into small lots, and kept in the mercially available preparations of glucose-1-P and vanes Bo, 
deep freeze. The protein concentration was 7.0 mg per ml. amount with the particular preparation (2). Although - mieisis 
One hundred-fold dilutions of this preparation in 0.1 M L-histi- quantities of coenzyme do not affect results in certain types of : Ef 
dine at pH 7.4 were stable for approximately 10 days at refrigera- investigations (12), and are actually of aid in others (10), initial ; mine 
tor temperature. Further dilutions in 0.1 Mm histidine were experiments in the present study showed that no valid relation: — i 


ship between substrate concentration and reaction velocity could — 


* This work has been supported in part by the following grants: be elicited unless the concentration of the coenzyme in glucose: — 
American Cancer Society Grants No. P-163 and P-164B; Grant 1-P was evaluated. This was determined in the single prepara- _ Precise 


No. DRG 332D from the Damon Runyon Memorial Fund for  ,. :  enzym 
Cancer Research; research grant C-4251 (C281) from the National tion used in the P resent study. tion be- — determ 
Cancer Institute, National Institutes of Health, United States The relationship at a constant substrate concentration )& — absence 
Public Health Service. tween enzyme reaction velocity, v, and coenzyme concentration, q ak os 
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c, Keo = ((Vmax — v)/v] X ¢, was proposed by Sutherland e¢ al. 
(2). This equation may be transformed into a linear form: 
1/v = Keo/Vmax X + 1/Vmax. It was previously shown that 
the reciprocals of the reaction velocities plotted against the 
reciprocals of coenzyme concentrations ranging from 0.3 uM to 
8.0 um yielded a straight line in accordance with the formulation 
of Sutherland et al. (10). The equation may also be transformed 
into the expression: Vmax/v = (Keo + c)/c, where v is the reac- 
tion velocity as the coenzyme concentration, c, is varied at 
constant substrate concentration, and Vmax is the maximal 
velocity at infinite coenzyme concentration. When 7, the con- 
centration of coenzyme present in the substrate, and 7 + a, the 
sum of this and the added concentrations of coenzyme, were 
substituted in the preceding equation, a pair of equations were 
obtained which could be solved to give the expression: 


(1) 
7+ 


where vp and vg are the reaction velocities at the coenzyme con- 
centrations 7 and 2 + a, respectively. Another expression for 
Kco, of the same form as Equation 1, may be set up at the same 
substrate concentration for the pairs of coenzyme concentrations, 
iandi + a’,i andi +a”, etc. Any two of these expressions 
for Kco may be combined and solved for 7. Indeed, for n con- 
centrations of added coenzyme (n)(m — 1)/2, values for i may 
be obtained and averaged. 

The value of 7 was thus determined at 0.0005 m, 0.002 m, 0.004 
mM, 0.01 m, and 0.02 m concentrations of glucose-1-P, and was 
found to be proportional to the concentration. Treatment by 
the method of least squares gave a value for the coenzyme 
concentration, 7, of 0.018 umole per mmole of glucose-1-P. 

Effect of Concentration of Glucose 1 ,6-diphosphate on Reaction 
Velocity at Constant Substrate Concentration—When the concen- 
tration of coenzyme is increased, the substrate concentration 
and other conditions being held constant, the reaction velocity 
increases rapidly at low concentrations of coenzyme, more slowly 
at high concentrations (2,10). The equation, Keo = [(Vmax — v)/ 
»] X c, proposed by Sutherland et al. (2), is an expression of this 
relationship. It has been reported that excessive concentrations 
of coenzyme as, for example, 0.75 um at a glucose-1-P concen- 
tration of 1 X 10-4 M, may inhibit phosphoglucomutase action, 
and that the lower the concentration of glucose-1-P, the smaller 
is the concentration of coenzyme required for inhibition (13). 
In the present study, in one series of experiments at 0.42 x 10-4 
M glucose-1-P and 0.0023 um enzyme, the reaction velocities, 
expressed as ymoles per liter per minute, rose progressively from 
a value of 0.6 at 0.001 um coenzyme to one of 39.7 at 10.6 uM. 
In a second series, the coenzyme concentration was increased to 
a still higher level, 106 um, without any inhibition becoming 
manifest (Table I). 

Effect of Substrate Concentration on Reaction Velocity—Pre- 
liminary experiments indicated that the reaction velocity in- 
creased with increasing concentrations of substrate up to about 
1.0 X 10-4 m, then decreased at higher concentrations. The 
precise form of this relationship appeared to depend on the co- 
enzyme concentration. Accordingly, reaction velocities were 


determined at each of several substrate concentrations in the 
absence of any added coenzyme and in the presence of three to 
four concentrations of added coenzyme. The total coenzyme 
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TABLE 
Effect of various concentrations of coenzyme, 
a-glucose 1 ,6-diphosphate 
The concentration of glucose-1-P was 4 X 10-5 m and that of 
enzyme was 0.00068 um. Initial reaction velocities were deter- 
mined by the TPN assay procedure as described in the text under 
‘*Experimental Procedure.’’ 


Concentration of coenzyme Reaction velocity 
pM/min 
0.001* 0.2 
0.11 5.2 
0.53 12.7 
2.69 15.4 
10.6 17.77 
106.0 23.0f 


* Concentration of coenzyme present in the substrate. 

t Represents the average of three values, one of which was de- 
termined at 0.00027 um enzyme and multiplied by 2.5 to correct 
for the enzyme concentration. This value checked closely with 
the average for the two values determined at 0.00068 um enzyme. 

t The velocity at this concentration of coenzyme was too rapid 
for accurate determination at 0.00068 um enzyme. It was there- 
fore determined at 0.00027 um and multiplied by 2.5. 


A 
04r—-4 T T T 


© 


| 


uu MOLES GLUCOSE-6-P FORMED/ML/MIN 
| 


| | 
ps 


Fia. 1. Relationship between concentration of substrate, glu- 
cose-1-P, and velocity of phosphoglucomutase action: A, in the 
absence of glucose-6-P and B, in the presence of 0.002 m glucose- 
6-P. To accommodate the wide range of substrate concentration, 
these have been plotted as negative logarithms (pS). The con- 
centration of enzyme was 0.0019 um in A and 0.038 umin B. A 
represents velocities in the presence of 0.05 um coenzyme; @, in 
the presence of 0.40 um; and O, in the presence of calculated in- 
finite concentration of coenzyme. See the text for further details. 


concentration was calculated as the sum of the added coenzyme 
and that present in the substrate preparation. From the reac- 
tion velocity-coenzyme relationship at each substrate concen- 
tration, velocities could be read at any interpolated concentration 
of coenzyme and, by use of the Sutherland equation (2), could 
be estimated at infinite concentration of coenzyme. Fig. 1A 
shows a typical series of experiments for concentrations of 
substrate ranging from 0.83 x 10-5 m to 0.83 x 10-? M, plotted 
as negative logarithms (pS). The reaction velocities were de- 
termined as just described for 0.05 um, 0.40 uM, and infinite 
concentrations of coenzyme. As may be seen, the substrate 
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TaBLeE II 


Effect of concentration of coenzyme on Michaelis, Ks, 
and Haldane, K,’, constants 

Initial reaction velocities were determined by the TPN assay 
procedure as described in the text under ‘‘Experimental Pro- 
cedure.’’ The values of A, were obtained from the plot of the 
reciprocals of reaction velocity against the reciprocals of sub- 
strate concentration (14) and represent the averages of three 
series of experiments. The concentration of enzyme was 0.0023 
uM in two of these series and 0.0019 um in the third. The values of 
K,’ were obtained from the plot of the reciprocals of reaction 
velocity against substrate concentration (14) and represent the 
average of two series of experiments, one at an enzyme concen- 
tration of 0.0027 um and the second at 0.0019 uM. 


Concentration of coenzyme Ks X 105 Ks’ X 103 


uM M M 


0.05 3 
0.10 3. 
0.25 3 
0.40 3 


2.0 5.0 


Fic. 2. Relationship between negative logarithm of glucose- 
1-P concentration (pS) and negative logarithm of Keo (pKco). 
The concentration of substrate and the dimensions of Aco are 
both expressed as moles per liter. Curve A, @ @, in the ab- 
sence of glucose-6-P, is based on five series of experiments and at 
concentrations of enzyme ranging from 0.0019 to 0.0027 um. Each 
point represents the average of one to four pKco values. Curve 
B, O——O, in the presence of glucose-6-P, is based on two series 
of experiments at an enzyme concentration of 0.038 um, and each 
point represents the average of two pKc, values. 


concentration showing optimal reaction velocity became higher 
as the concentration of coenzyme was increased. 

Accordingly, the relationships in the zone of increasing reac- 
tion velocities with increasing substrate concentrations and in 
that of inhibition at excess substrate concentrations were 
formulated separately. In accordance with the Lineweaver- 


Burk transformation of the Michaelis-Menten formulation (14), 
the reciprocals of substrate concentrations, ranging from about 
1.0 to 10.0 K 10-5 M, were plotted against the reciprocals of the 
reaction velocities. The intercepts of the straight lines on the 
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axis of abscissas yielded the value, 1/A, = —1/s, or K,; = —s1 
Table II shows the averages of three series of experiments. As 
may be seen, the value for A,, the Michaelis constant, remained 
about the same, 3.5 & 10-° M, as the concentration of coenzyme 
was increased. 

The inhibition of enzyme activity by high substrate concen- 
trations has been formulated by Haldane (15) as EF + S = ES; 
ES + S= ES:; ES— E+ products. The dissociation constant, 
K,’, of the inactive ES. complex may be obtained by plotting 
the reciprocal of the reaction velocity, 1/v, as ordinates against 
the concentration of substrate, s, as abscissas. A curvilinear 
relationship at low concentrations merges into a linear relation- 
ship at high concentrations. The extrapolation of this straight 
line to the axis of abscissas at 1/v = 0 yields the value for A,’ = 
—s. Table II shows the average values from two series of 
experiments and demonstrates that A,’ increased with increas- 
ing concentrations of coenzyme from a value of 1.0 X 10° m 
at 0.05 uM to one of 4.6 X 10-3 Mm at 0.40 um coenzyme. Similar 
results were obtained in other series of experiments in which 
the reaction velocity was determined by the conversion of the 
acid-labile phosphorus of glucose-1-P. 

Dependence of Activating Effect of Glucose 1 ,6-diphosphate 
upon Substrate Coneentration—It has already been noted that the 
relation between the concentration of glucose 1 ,6-diphosphate 
and velocity of phosphoglucomutase action may be expressed by 
the equation of Sutherland et al. (2): Kco =[(Vmax — )/t] X ¢. 
This relationship was previously confirmed for a substrate con- 
centration of 5 X 10-3 m glucose-1-P (10), and in the present 
study was repeatedly found to hold for concentrations of glucose- 
1-P ranging from 1 XK 10-°>mM to 2 XK 10°? M. 

Fig. 2A shows the results of several series of experiments in 
which Ac, was determined at each of several substrate concen- 
trations. It may be seen that the value, expressed as the 
negative logarithm, pKco, was essentially the same at low 
concentrations of substrate, up to about 1 K 10-4m. At higher 
concentrations, the value of pKco decreased progressively or, 
in other words, the value of Aco increased. 

Inhibition of Phosphoglucomutase Action by Glucose-6-P— 
Before determining the influence of glucose-6-P, it was necessary 
to ascertain whether available preparations of this compound 
contained the coenzyme, glucose 1 ,6-diphosphate. A solution 
of the sodium salt was made from the barium salt of glucose-6-P 
(Schwarz and Sigma) and was assayed precisely by means of 
phosphate determination as 0.0291 m. To 3.6 ml of this solu- 
tion, 0.4 ml of 1 N H2SO, was added to give a final concentration 
of 0.1 N acid, and the mixture was heated at 100° for 5 minutes. 
Under these conditions, the coenzyme is hydrolyzed almost 
completely to glucose-6-P and phosphate, whereas glucose-6-P 
remains unaffected (5, 8). The resulting solution was adjusted 
to pH 7.5; an aliquot was diluted to yield a 4 X 10-5 m solution 
which, on analysis with TPN and glucose-6-P dehydrogenase, 

1 The term ‘‘Michaelis constant’”’ is used here to denote not the 


dissociation constant of the enzyme-substrate complex, but the 
substrate concentration giving half-maximal velocity. Equations 


of the same mathematical form as the Michaelis equation may be | 


derived by steady-state treatment of the reaction: E + S a 


k 
ES— 
involving one reactant and one product and having two inter- 
mediate complexes. The ‘‘Michaelis constants”’ in such instances 
incorporate the velocity constants of the individual steps. 


E + P or, as will be shown later, of a reversible reaction | 
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gave a value for AA of 0.242, in good agreement with the theo- 
retical value of 0.249. Table III shows one of several typical 
experiments which demonstrate that the reaction velocity with 
the unheated solution of glucose-6-P was higher than with the 
heated solution. This finding indicated the presence of very 
small amounts of glucose 1 ,6-diphosphate in available prepara- 
tions of glucose-6-P. <A plot of the reciprocals of the coenzyme 
concentrations against the reciprocals of the reaction velocities 
in the presence of heated glucose-6-P yielded a straight line. 
When the velocities in the presence of unheated glucose-6-P 
were read against this line, it was possible to determine the total 
coenzyme content and hence, by difference, the coenzyme con- 
tent of the unheated glucose-6-P. The average value was 0.05 
-pmole per mmole of glucose-6-P. All studies on the effect of 
glucose-6-P reported in this paper were performed with solutions 
of this compound heated at 100° for 5 minutes with 0.1 nN H- 
SO, and neutralized, as described above. 

Since glucose-6-P was present as an inhibitor, enzyme action 
could not be measured by the reduction of TPN in the presence 
of excess glucose-6-P dehydrogenase. Consequently, it was 
necessary to use the less sensitive method for determining the 
decrease of the acid-labile phosphorus of glucose-1-P (8-10). 
This limited the determination of velocities at low concentra- 
tions of the substrate. : 

The extent of inhibition of phosphoglucomutase action by 
various concentrations of glucose-6-P is shown in a typical ex- 
periment in Table IV. The effect at 0.002 m glucose-6-P was 
sufficiently large to be suitable for further investigation under 
different conditions. The reaction velocities at various sub- 
strate concentrations and at 0.002 mM glucose-6-P were determined, 
as had previously been done in comparable studies without 
glucose-6-P, in the absence of any added coenzyme and in the 
presence of three to four concentrations of added coenzyme. 
From the resulting plots of velocity against the sum of the in- 
trinsic and added coenzyme at each substrate concentration, the 
velocities were read off at various interpolated coenzyme con- 
centrations and, by the use of the Sutherland equation (2). 
could be estimated at infinite coenzyme concentration (Fig. 1B). 
In contrast to the relationship in the absence of glucose-6-P 
(Fig. 14) the curve was steep; the zone of optimal substrate 
concentration was much narrower and was shifted to the left, 
that is, to higher substrate concentrations. 

Table V, based on the average of two series of experiments, 
shows that the value for the Michaelis constant, K,, in the pres- 
ence of 0.002 m glucose-6-P did not vary with coenzyme concen- 
tration and was about 100-fold that in its absence. The value 
for the Haldane constant, K,’, was of approximately the same 
order as that obtained in the absence of glucose-6-P, and simi- 

larly increased with the concentration of coenzyme. 

The reciprocal plot of velocity against coenzyme concentration 
at each substrate concentration yielded a straight line in accord- 
ance with the equation: Keo = [(Vmax — v)/v] X c. A plot of the 
negative logarithm of Keo, or pKco, showed approximately the 
same value up to about 0.001 m substrate; pKc, then decreased 
(or Keo increased) with increasing substrate concentration (Fig. 
2B). This relationship was similar to that obtained in the ab- 
sence of glucose-6-P, except that, in the latter case, the Koo 
Values began to increase at a substrate concentration of 0.0001 
M (pS = 4.0). 


O. Bodansky 


TaBLeE III 


Comparison of inhibitory effects of glucose-6-P solution treated to 
destroy coenzyme and of untreated glucose-6-P 


The concentration of phosphoglucomutase was 0.019 um; that 
of glucose-1-P was 0.005 mM, and that of glucose-6-P, 0.002 m. Ini- 
tial reaction velocities were measured at 37° and optimal pH by 
the conversion of the acid-labile phosphorus of qrucone- 1-P to the 
acid-stable phosphorus of glucose-6-P. 


Glucose-6-P formed in presence of 
Concentration of coenzyme 


Untreated glucose-6-P Treated glucose-6-P 
pmoles/ml/min pmoles/ml/min 
0.090 0.018 0.011 
0.135 0.021 0.014 
0.260 0.042 0.033 
0.600 0.081 0.060 
TABLE IV 


Inhibition of phosphoglucomutase action by varying 
concentrations of glucose-6-P 


The concentration of phosphoglucomutase was 0.038 um and 
that of the substrate, glucose-1-P, was 0.002 m. Initial reaction 
velocities were measured at 37° and optimal pH by the conversion 
of acid-labile phosphorus of glucose-1-P to the acid-stable phos- 
phorus of glucose-6-P. 


Glucose-6-P formed at 
Concentration of glucose-6-P 
0.089 um coenzyme 0.59 uM coenzyme 
M pmoles/ml/min pmoles/ml/min 

0.0 0.17 0.79 
0.0005 0.13 0.71 
0.001 0.11 0.51 
0.002 0.08 0.23 
0.004 0.04 0.20 

TABLE V 


Effect of concentration of coenzyme on Michaelis (K;) and 
Haldane (K,') constants of phosphoglucomutase action in 
presence of glucose-6-P 


The concentration of phosphoglucomutase was 0.038 um and 
that of glucose-6-P was 0.002 m. Initial reaction velocities were 
measured at 37° and optimal pH by the conversion of the acid- 
labile phosphorus of glucose-1-P to the acid-stable phosphorus of 
glucose-6-P. The values of K, and K,’ were determined from ap- 
propriate plots as described in the text and in Table II. Each of 
the values in the table represents the averages of two series of 
experiments. 


Concentration of coenzyme Ks X 103 K;’ X 103 
BM M M 
0.05 3.6 0.7 
0.10 3.8 0.9 
0.25 6.1 3.7 
0.40 3.6 6.5 
DISCUSSION 


The kinetic data obtained in the present study are in agree- 


ment at low concentrations of substrate with the Michaelis 
expression (14) and, at excess substrate concentrations, with 
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the Haldane expression for substrate inhibition (15). The 
change in the value of A, from about 3.5 & 107° M to approxi- 
mately 3.7 X 107° o in the presence of 0.002 m glucose-6-P, and 
the constancy of A,’ under these conditions indicate that the 
glucose-6-P inhibits competitively at low concentrations of 
substrate and noncompetitively at high concentrations. Our 
data and formulations are not inconsistent with the concepts 
according to which phosphoglucomutase is considered to interact 
with the substrate (3, 4). In agreement with Koshland’s 
‘“nduced-fit-theory of specificity”? (16), the substrate, glucose-1- 
P, may be assumed to approach and come in close contact with 
the phosphoglucomutase molecule, so that the carbon 6 of glu- 
cose-1-P is in the appropriate position with respect to the 
phosphate of the active catalytic site of the enzyme (17). This 
orientation of molecules may be considered as a phosphoenzyme- 
glucose-1-P complex or alternatively, as a dephosphoenzyme- 
glucose-1 ,6-diphosphate complex, or even as an equilibrium 
mixture of the two forms, with the latter predominating and 
vielding the reaction product, glucose-6-P, and phosphoenzyme. 
The assumption that the dephosphoenzyme-diphosphate com- 
plex is dissociable, whether by Heat to inactivate the enzyme 
and render the diphosphate measurable or by dialysis to remove 
the diphosphate and recover the dephosphoenzyme, would be 
consistent with previously reported data (4). Our data and 
formulations would also be in agreement with the steady-state 
treatment of a reversible reaction involving one reactant and 
one product as given by Haldane (18) and, more recently, by 
Alberty (19): 


ks 
EY —— E+ B. 


ki 
A+ EX = 
ke 


ke ks 
Solution of the necessary equations yield the final equations, 
v/Vimax = a/(K + a) for the conversion of A to B and 
v/V'max = 0/(K’ + B) forthe conversion of B to A. These 
equations are of the same mathematical form as the Michaelis 
equation, with V, V’, A, and A’ incorporating the various ve- 
locity constants. 

The results on the extent of activation by coenzyme at con- 
centrations of substrate below the excess inhibiting zone are 
in agreement with Dixon and Webb’s formulation (20) for that 
ease of activator action in which enzyme interacts independently 
with substrate and activator. The resultant equation, Ago = 
[(Vimax — v)/v] X Co, is the same as that proposed by Sutherland 
et al. (2) and has been confirmed repeatedly in the present study 
as well as in a previous investigation (10). The data of Table 
II and Fig. 2A support a consequence of Dixon and Webb’s 
formulation that Ko. should be constant as the concentration 
of substrate is varied up to the region of substrate inhibition 
and, conversely, that A, should be constant as the concentration 
of coenzyme is varied. In the region of excess substrate con- 
centrations, the results are in agreement with a second type of 
activator action proposed by Dixon and Webb and based on the 
postulate that the interactions of the enzyme-substrate com- 


~ 


- 


Kinetics of Phosphoglucomutase Action 


Vol. 236, No. 2 


plex with coenzyme to form an active intermediate and with 
substrate to form an inactive compound are not independent. 
As the data in Table II and Fig. 2A show, the value of Kg, 
changes with the concentration of the substrate, and the value 
of A,’ varies with the concentration of substrate. 


SUMMARY 


The velocity of phosphoglucomutase action increased with 


increasing concentrations of substrate from 8.3 xX 10-° M to 
about 10-4 or 10-* M, then decreased at higher concentrations of 
substrate. The precise form of this relationship and the point 
at which inhibition by excess substrate occurred was influenced 
by the concentration of the coenzyme, a-glucose 1 ,6-diphosphate. 
Glucose 6-phosphate inhibited the reaction and influenced the 


form of the substrate-velocity relationships. 


The effect of sub- 


strate concentration, coenzyme concentration, and of glucose 6- 
phosphate on the velocity of reaction have been formulated 
mathematically, and the relationships to previously proposed 
mechanisms of phosphoglucomutase action have been discussed. 
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The term hyaluronidase has been used to denote a series of 
enzymes that depolymerize certain of the acid mucopolysac- 
charides. Earlier views that these enzymes possess a common 
enzymic activity are now obsolete as a result of the demonstra- 
tion of differences in specificity and reaction products. Testicu- 
lar hyaluronidase hydrolyzes the endo-N-acetylhexosaminic 
bonds of hyaluronic acid, chondroitinsulfuric acid A, and chon- 
droitinsulfuric acid C to a series of oligosaccharides that contain 
a preponderance of tetrasaccharides (1-4). Leech hyaluronidase 
also produces primarily tetrasaccharides but, in contrast, rup- 
tures the endoglucuronic acid bond (5, 6). The bacterial hy- 
aluronidases, which are inactive on chondroitinsulfuric acids A 
and C, degrade hyaluronic acid to a disaccharide (7-10). On 
the basis of structural studies, Linker, Meyer, and Hoffman 
have indicated that this product is an a,@-unsaturated car- 
boxylic acid (9). (For the structure, see unsaturated disac- 
charide of Fig. 4). Such a formulation is supported by the 
following evidence: (a) an absorption maximum at 232 muy, (6) 
the consumption of 1 mole of bromine, (c) the production of 
oxalic acid on oxidation with ozone, and (d) the isolation of 
glucosamine after acid hydrolysis. An anomalous finding was 
the consumption of approximately 2 moles of Hz on reduction 
with Pd, yielding a reducing product. Consumption of the 
second mole of hydrogen has been assumed to be due to the 
hydrogenolysis of the hydroxyl group at carbon 3 of the uronic 
acid. The unsaturated structure of the disaccharide is sub- 
stantiated by the finding of Markovitz, Cifonelli, and Dorfman 
that degradation by streptococcal hyaluronidase of hyaluronic 
acid, specifically labeled with H? in the uronic acid moiety, re- 
sults in the release of H? into the medium (11). Since the for- 
mation of a carbon-carbon double bond as the result of “gly- 
cosidase’”’ action has not been reported previously, further study 
was undertaken of this unusual reaction. The present paper 
describes the use of HO" to localize the site of cleavage of the 
glycosidic bond. A similar study of the action of testicular 
hyaluronidase is also described. 


EXPERIMENTAL PROCEDURE 


Materials and Methods—Clostridium welchit hyaluronidase was 
prepared by the method of Becker et al. (12) from a stock strain 
of the Department of Microbiology of the University of Chicago. 
The purified enzyme contained 2000 to 3000 turbidity-reducing 


* This investigation was supported by grants from the Chicago 
Heart Association and from The National Heart Institute (H-311) 
and the National Institute of Arthritis and Metabolic Diseases 
(A-891) of the United States Public Health Service. 

t Present address, Department of Biochemistry, University of 
California, School of Medicine, San Francisco, California. 


units per mg of protein. Crude streptococcal hyaluronidase 
containing 45 turbidity-reducing units per mg was obtained from 
the Wyeth Laboratories. Testicular hyaluronidase that con- 
tained 1600 turbidity-reducing units per mg was purified in this 
laboratory, according to the method of Freeman et al. (13), by 
Dr. Martin B. Mathews. Hyaluronic acid was prepared from 
the supernatant of a culture of Group A streptococcus, strain 
Alll1 (14). H,O" was obtained from the Weizmann Institute of 
Science, Rehovoth, Israel. 

Enzyme activity was measured by the method of Dorfman, 
Ott, and Whitney (15). The enzymes were standardized by 
comparison with a standard preparation of testicular hyaluroni- 
dase prepared by Armour Laboratories (82 turbidity-reducing 
units per mg (lot #206-266E)). 

Uronic acid was determined by the method of Dische (16), 
total N by the micro-Kjeldah] method, and glucosamine by the 
method of Boas (17), omitting the Dowex treatment. N- 
Acetylglucosamine was estimated by the method of Reissig et al. 
(18), total carbohydrate by the method of Dubois et al. (19), and 
reducing sugar by the method of Park (20). 

The O* concentration was determined in the mass spectrometer 
after combustion of the compounds with HgCl: in an evacuated 
tube by the method of Rittenberg and Ponticorvo (21). This 
procedure gives a sample of all the oxygen in the compound in 
the form of CO. The ratio, R, of CO2 with mass of 44 to CO, 
with a mass of 46 was determined with a mass spectrometer. 
Atom % O was calculated from the following equation taken 
from Rittenberg (22): 


100 
2k+1 


Atom % O8 = 


Atom % excess O08 was obtained by subtracting normal 0 
abundance as determined by analysis of unlabeled CO. in a 
blank determination. Normal O" abundance, determined with 
every set of analyses, was about 0.210 atom %. Samples of 
unlabeled disaccharide gave the same value for normal abun- 
dances as unlabeled COs. 

The unsaturated disaccharide formed by the action of bac- 
terial hyaluronidase was isolated as described by Linker et al. (9), 
except that the ethanol elution was carried out at 4°, and pyridine 
was not used. The compound was chromatographically pure. 
Its absorption spectrum was determined in aqueous solutions of 
pH ranging from 1.5 to 11. For these measurements, the com- 
pound was dissolved in 0.04 m KH2PO,. The pH was adjusted 
appropriately with NaOH or HCl immediately before recording 
the spectrum. The absorption spectra at pH 1.5 and pH 4 are 
presented in Fig. 1. Between pH 2 and pH 4, the maximum 
shifted from 235 my to 232 mu and the absorbancy decreased. 


333 


0 
t | 
| 
i 
df 
| 
ul. 
ce 
| 
RI, 
69 
9). 
Z., 
27, 
141 
ny, 
K. 
Aca- 
any; 
|| 


06, 


04 


Absorbancy 


| 


240 260 

Fic. 1. Absorption spectra of the unsaturated disaccharide. 
The concentration of the unsaturated disaccharide in both solu- 
tions was 67.5 wg per ml on a weight basis and 0.153 umole per ml 
on the basis of hexosamine analysis. Light path, 1 em. The 
extinction coefficients were calculated from the average of three 
separate determinations. 
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Fig. 2. Change in unsaturation and in reducing power during 
depolymerization of hyaluronic acid by bacterial hyaluronidase. 
Reaction mixture contained 19 uwmoles of hyaluronic acid per ml 
(concentration of hyaluronic acid was determined by glucuronic 
acid analysis) in 0.1 m phosphate-0.15 mM NaCl. The reaction was 
started by the addition of 1400 turbidity-reducing units of purified 
C. welchitt enzyme. Aliquots were taken at the times indicated, 
frozen rapidly, and thawed just before analysis. O O, change 
in light absorption at 232 mu, pH 5; @——®@, reducing groups 
determined according to the ferricyanide method of Park (20), 
with glucose as a standard. 


Above pH 4.0, there was little change in the absorption spectrum. 
The molar extinction coefficients calculated on the basis of 
hexosamine analyses were €3; = 6.0 10° liter mole! cm- at 
pH 1.5 and €232 = 5.0 10° liter mole! em~ at pH 4.02 


Experiments with Bacterial Hyaluronidase 


Attempt to Demonstrate Saturated Intermediate—There was a 
possibility that the depolymerization of hyaluronic acid by bac- 
terial hyaluronidase might involve the initial formation of a 
saturated disaccharide which would lose water in a subsequent 
step to form the unsaturated disaccharide as a final product. If 
such a saturated intermediate should accumulate during the 
course of the enzyme reaction, there would be a greater initial 
increase in reducing power than in light absorption at 232 my 
(when both are expressed on a molar basis). The data illustrated 
in Fig. 2 indicate that such was not the case. Reducing groups 


1 Linker, Meyer and Hoffman reported a value of loge = 3.75 
(9). Dr. Meyer has informed us that this is a typographical error 


and should read log e = 3.75. This would give e = 5.6 X 103, in 
reasonable agreement with the value reported above. 
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were liberated at the same rate as material absorbing at 232 my 
throughout the course of the depolymerization. 

Absence of O'8 Uptake during Bacterial Hyaluronidase Action— 
The structure of the unsaturated disaccharide formed by bac- 
terial hyaluronidase suggests that the enzyme action may be 
restricted to a cleavage of the bond from C-4 of the glucuronic 
acid moiety to the oxygen bridge, with accompanying loss of a 
proton from C-5. In this case, the reaction should proceed 
with no obligatory incorporation of oxygen from the water of the 
medium into the C-1 position of the acetylglucosamine moiety, 
or into any other position of the disaccharide. H:,O was used 
to determine whether or not this was the case. Hyaluronic acid 
was depolymerized by bacterial hyaluronidase in a medium of 
heavy water, and the isolated disaccharide was analyzed for 0%, 

Because of the expense of the H,O"*, the enzyme reactions were 
carried out in a minimal volume. Approximately 150 mg of 
hyaluronic acid were added directly to 2.5 ml of HzO” containing 
0.1 mM acetate buffer at pH 5.0, 0.15 m NaCl, and the desired 
amount of enzyme. Solution of the substrate occurred within a 
few minutes. After incubation for 4 to 8 hours at 38°, the HO" 
was recovered by lyophilization and the residue was dissolved in 
approximately 3 ml of H,O. The disaccharide was absorbed on 
a column containing 5 g of Darco G-60-Celite (3:2). The 
column was washed with H.O until Cl--free, and the unsaturated 
disaccharide was eluted with 20% ethanol. Washing required 
2 days, whereas elution required 4 to 5 days. Both operations 
were carried out at 4°. The disaccharide was recovered by con- 
centration in a vacuum followed by lyophilization. Of the 
hyaluronic acid, 60% was recovered as unsaturated disaccharide. 

Samples of the disaccharide were prepared for O analysis by 
desiccation in a vacuum over P.O; at 60° for 5 hours and at room 
temperature for 24 hours. Chemical analysis of the disaccharide 
product isolated from the experiments in heavy water yielded 
the results shown in Table I. 

The results of the O'8 analyses are shown in Table II. The 
values are given as the average atom % excess O' of all the 
oxygen of the disaccharide. Separate experiments were carried 
out with streptococcal enzyme and with enzyme from C. welchu. 
In both cases, control experiments were performed in which the 
unsaturated disaccharide itself was incubated with the enzyme 
in H.0'* for the same period of time and under the same con- 
ditions as those used for the enzymatic degradation of the hy- 
aluronic acid. In these control experiments, the reisolation of 
the disaccharide was carried out by the same procedure as that 
used for the isolation of the disaccharide from the enzymatic 
degradation. 


TABLE I 


Chemical analysis of unsaturated disaccharide 
and hyaluronic acid 


Molar ratio* 


Hyaluronic 
aci 


Unsaturated 
disaccharide 


N-Acetylglucosamine................. 
Reducing sugar (as glucose).......... 


1.02 
1.00 


S 


* Values are expressed as molar ratio with glucosamine taken 
as 1.00. 
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_ isolation procedure, which required 95 hours. 
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The data in Table II show that the net O' content of the un- 
saturated disaccharide was trivial, far less than that expected for 
an obligatory incorporation of 1 atom of oxygen into each disac- 
charide molecule. The small amount of O'8 incorporation oc- 
curred to about the same extent, whether the disaccharide was 
added at the beginning of the incubation or whether it was 
formed from hyaluronic acid. There was considerable variation 
in the control incorporation, for reasons which were not apparent, 
but variations several-fold larger than those observed would in 
no way affect the validity of the conclusions. 

The smail O" incorporation observed was approximately of the 
magnitude expected from previous measurements of the rate of 
exchange of carboxyl groups and of sugar carbonyl groups with 
the oxygen of solvent water (23-26). The unsaturated disac- 
charide has a free reducing group; and both the disaccharide and 
hyaluronic acid contain carboxyl groups. Since O' exchange 
might be expected in both the carboxyl group oxygen and in the 
hemiacetal oxygen, it seemed desirable to establish the relative 
contribution of the two groups. For this purpose, the rate of 
exchange of the disaccharide was compared with the rate of 
exchange of the corresponding alcohol obtained by NaBH, 
reduction. The extent of incorporation of O'8 into these two 
compounds after incubation with H,O" for 48 hours at 37° is 
indicated in Table III. There was a larger incorporation of O'8 
in the unreduced than in the reduced disaccharide, consistent 
with the presence of both hemiacetal and carboxy] groups in the 
former and only a carboxyl group in the latter. With the as- 
sumption that the carboxyl oxygen atoms exchange at the same 
rate in both compounds, the relative contributions of the hemi- 
acetal and carboxyl groups may be calculated. Such a cal- 


~ culation at 48 hours indicates that 26% of the O" is incorporated 
into the hemiacetal group and 74% into the carboxyl group. 


In addition to the experiments carried out at 37°, detailed in 
Table III, measurements of isotope exchange rates at 4° were 
made by incubating the unsaturated disaccharide in H.O con- 
taining 20 atom % excess O8 for 24, 48, and 96 hours. The 
respective values of 0.191, 0.302, and 0.560 atom % excess O'8 
were considerably lower than those obtained at 37°. The value 
obtained at 96 hours and 4° is a measure of the possible loss of 
isotope during the isolation procedure used in the enzyme experi- 
ments. Since 3 of 11 oxygen atoms in the disaccharide can be 
labeled by exchange, complete exchange would give 20 x ;°, or 
).6 atom % excess O88. The observed value of 0.56 atom % 


| excess O'8 therefore represents 10% exchange over a 96-hour 
period at 4°. 
labeled oxygen during the isolation procedure. 


This, then, represents the magnitude of the loss of 
A final control 
experiment was performed in which labeled disaccharide con- 
taining 0.95 atom % excess O was carried through the entire 
The content 
of the reisolated disaccharide was 0.84 atom % excess O8. The 
loss of 11% of the label agreed well with the observation that 10% 
labeling occurred when the compound was incubated in H,O"* 
under the same conditions of time and temperature. These 
experiments showed that no large proportion of O'8 could have 
been lost during the isolation procedure. They were performed 
in order to rule out the possibility that a large amount of O'8 may 
have been incorporated during the enzyme reaction and then lost 
during the process of isolation of the disaccharide. 

Polarimetric Studies—The direction of mutarotation after 
slycosidase action has been employed to ascertain the configura- 
tion of the reducing carbon atom liberated by the enzyme action 


J. Ludowieg, B. Vennesland, and A. Dorfman 
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TaBLeE II 


Bacterial hyaluronidase-catalyzed depolymerization of 
hyaluronic acid in 


Concentration of O'8 (atom % excess) 
Found 
Enzyme Material analyzed S6ge 
sw 
ES NetOw 
aes Controi 5 incor- 
Streptococcus? | Disaccha- 0.129; 0.1990. 179 —0.041 1.53 
ride 0.160, 0.215)0.193 
Water 16.8 (18.7 
C. welchii¢ Disaccha- 0.375; 0.2780.289,| 0.077) 1.50 
ride 0.360; 0.280/0.293 
Water 16.5 /|15.8 


¢ The amount of O'* which would have been found in the product 
if one atom of oxygen were derived entirely from the medium. 
This number is calculated by dividing the atom % excess O of 
the medium by the number of oxygen atoms (11) present in the 
unsaturated disaccharide. 

’ Corrected to the O'8 concentration of the water used in the 
enzyme reaction. 

¢ Column 1 less column 3. 

¢ The reaction mixture contained 2700 turbidity-reducing units 
of streptococcal hyaluronidase and incubation was for 8 hours. 

¢The reaction mixture contained 45,000 turbidity-reducing 
units of C. welchti hyaluronidase and incubation was for 4 hours. 


TABLE III 


Rate of oxygen exchange of unsaturated disaccharide and 
reduced unsaturated disaccharide in HO at 37° 


Concentration of O'8 (atom % excess) 
Time 
Unsaturated disaccharide | Reduced unsaturated 
hrs average average 
$ 0.154 | 0.162 | 0.158 
3 0.166 0.166 
8 0.275 | 0.260 | 0.268 
95 0.277 0.277 
24 0.495 | 0.559 | 0.527 | 0.409 | 0.435 | 0.422 
48 1.007 | 0.947 | 0.977 | 0.787 | 0.797 | 0.792 


* The product obtained on reduction with borohydride contains 
10 rather than 11 oxygen atoms per molecule (9). The values for 
the O18 contents obtained on analysis of the reduced unsaturated 
disaccharide were, therefore, multiplied by }? in order to get 
numbers which could be compared directly with the values for 
the O}8 contents of the unreduced disaccharide. 

The solutions were made up to contain 100 mg of disaccharide 
in 0.5 ml of H20" containing 20 atom % excess O'8. The pH was 
adjusted to 5 with NaOH. Incubation was at 37°. At the time 
indicated, 0.1 ml aliquots were removed, dried, and analyzed for 
O18, 


(27, 28). Similar measurements were performed with bacterial 
hyaluronidase to ascertain whether the results would be con- 


sistent with an enzyme mechanism involving inversion or re- 


tention of configuration at C-1 of the acetylglucosamine moiety. 
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Fic. 3. Changes in optical rotation accompanying depolymeri- 
zation of hyaluronic acid by bacterial hyaluronidase. Curve a, 
optical rotation before mutarotation; Curve b, optical rotation 
after mutarotation; and Curve c, the depolymerization followed 
by measurement of increase in light absorption at 232 my. The 
substrate solution was prepared by dissolving 200 mg of hyaluronic 
acid in 10 ml of 0.1 m phosphate of pH 5.4, containing 0.5 n NaCl. 
The solution was clarified by repeated passage through a Celite 
pad. Analysis showed that it contained 21.9 uwmoles per ml of 
glucuronic acid. To this was added an enzyme solution prepared 
by dissolving 8.5 mg of purified C. welchit hyaluronidase (1700 
turbidity-reducing units per mg) in 4.0 ml of the phosphate-NaCl 
solution described above. This enzyme solution was clarified by 
centrifugation at 20,000 X g for 5 minutes at 4°. The final reac- 
tion mixture contained 16 wmoles per ml of glucuronic acid and 
was incubated at 26°. Polarimetric measurements were made 
with a Schmidt-Haensch polarimeter with tubes of 0.5-ml capacity 
and 1 dm length. The specific rotation, [a]2’, of the unsaturated 
disaccharide is —20°. The corresponding value for the hyaluronic 
acid was taken as —75°. The points on Curves a and b represent 


100 X (observed specific rotation — 20) 
— 20 


In the calculations the observed specific rotation is taken as a 
positive number. The rotation actually observed before acid 
treatment ranged from a = —0.450 at 3 minutes toa = —0.230 at 
95 minutes. After acid treatment, the rotation ranged froma = 
—0.465 at 1 minute toa = —0.190 at 64 minutes. 


ACID 


CH 3OH 


UNSATURATED DISACCHARIDE 


SATURATED DISACCHARIDE 


Fic. 4. The enzymatic depolymerization of hyaluronic acid. 
The first line shows the repeating unit of hyaluronic acid. The 
second line shows the structural formula of the tetrasaccharide 
obtained when hyaluronic acid is depolymerized by testicular 
hyaluronidase. The third line shows the structural formulas of 
the two disaccharides obtained when the tetrasaccharide is hy- 
drolyzed by bacterial hyaluronidase. If hyaluronic acid is hy- 
drolyzed directly by this latter enzyme, only the unsaturated 
disaccharide is obtained. 
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Five experiments were carried out under a variety of conditions, 
and all led to the same conclusion, that the direction of muta- 
rotation was such as to cause a decrease in the negative rotation, 
The results of one of these experiments are reported in Fig. 3, 
The components of the reaction mixture are given in the legend 
for the figure. 


was acidified to pH 3.6 to inactivate the enzyme and allowed to 
stand at room temperature for 6 hours before measurement of 
optical rotation. The increase of absorbancy at 232 muy was 
empolyed to determine the extent of hydrolysis, which is shown 
in Curve c. 

The optical rotation of hyaluronic acid has been reported as 
[a], —70° (29). The value varies somewhat with the prepara. 
tion. Because of the uncertain water content of solid hya- 


luronic acid, the specific rotation of the preparation employed in | 
the present experiments was determined and calculated on the | 
basis of the measured glucuronic acid content of an aqueous ; 
. solution (prepared for the experiment of Fig. 3), and found to be } 
This value is considerably more negative than that | 
(The latter | 


7s. 
of the unsaturated disaccharide, [a], —20° (9). 
value presumably represents the value for an equilibrium mix- 


ture of the a and 8 forms, but neither of these has been isolated | 
The combined results of hydrolysis and mutarota- | 
The results in ? 
Fig. 3 show clearly that the full decrease in negative rotation — 


separately). 
tion must give a decrease in negative rotation. 


expected has not occurred at the time when hydrolysis is com- 
plete, as measured by the increase in ultraviolet absorption. The 
optical change continued for a considerable period after hydrol- 
ysis was complete. If an extra 6 hours were allowed for muta- 


Aliquots removed at the times indicated were | 
divided into two portions. The optical rotation of one fraction — 
(a) was measured immediately whereas the other fraction (6) | 


rotation at pH 3.6 in the absence of enzyme action, an additional — 


decrease in negative rotation took place. The mutarotation at 


this pH was slow, but the results were clear cut. 
The available evidence strongly suggests that the \-acetyl- _ 
If the 


free reducing carbon atom were liberated in the 6-configuration, | 


glucosaminidic linkage of hyaluronic acid is 8 (6, 30). 


then mutarotation would be associated with an increase in rota- | 


tion (decrease in negative rotation) due to the formation of a} 


certain proportion of the a-isomer. This is actually the direction | 
of the change observed. The results are therefore completely [ 
consistent with an enzyme mechanism involving cleavage of } 
hyaluronic acid at the bond between C-4 of the glucuronic acid | 
moiety and the oxygen bridge to C-1 of the acetylglucosamine. | 


Cleavage at this point could not lead to inversion of configuration | 
at the C-1 position of glucosamine. | 


Experiments with Testicular Hyaluronidase 


The product of the action of testicular hyaluronidase is pr- 
marily tetrasaccharide, with the structural formula shown in the 
second line of Fig. 4. Since conversion of hyaluronic acid to this 
product necessitates an uptake of water, the tetrasaccharide 
must acquire O" if the enzymic depolymerization is carried out | 
in a medium of H,0%. There are two possible sites of incot- | 
poration of 08. If the enzymic cleavage occurs between C-1 of © 
the N-acetlyglucosamine and the oxygen bridge, than 0’ should 
appear at Site a of Fig. 4. If the cleavage occurs between C-4 of 
glucuronic acid and the oxygen bridge, then O" should appear at | 
Site b in Fig. 4. The two positions, at a and b, should differ 
markedly in their stability to exchange with solvent water. 


Thus, the O# in an alcohol group, as at b, should be very stable, | 
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whereas the O'8 in the hemiacetal position, as at a, would undergo 
a measurable rate of exchange (23, 24, 31, 32). If the O'8 were 
lost under conditions expected to cause such exchange, then the 
conclusion could be drawn that the site of O” incorporation was 
at a rather than at b. 

Hyaluronic acid was depolymerized with testicular hyaluron- 
idase in a medium of H,O”. The basis of procedure adopted for 
the localization of the O is indicated in Fig. 4. The crude 
tetrasaccharide product (of the enzyme action) was hydrolyzed 
in unlabeled water to give an unsaturated and a saturated disac- 
charide which could be separated by chromatography on paper 
so that each of the products could be analyzed separately. Such 
separation seemed desirable in order to obtain O analyses on 
reasonably well defined compounds. The lengthy procedure 
involved extensive opportunity for loss of O8 by exchange from 
a labile position, but would not be expected to labilize any O” 
at 

In two experiments, 500 mg of hyaluronic acid and 50 mg of 
testicular hyaluronidase (1600 turbidity-reducing units per mg) 
were added to 3.5 ml of H.O® containing 0.1 mM phosphate buffer 
at pH 5.0. The pH was adjusted with sufficient alkali to give 
complete solution and an additional 50 mg of testicular hyalu- 
ronidase was added. During the incubation for 45 hours at 37° 
under toluene, 60 mg of enzyme were added at the end of each 
12-hour interval. 

After the removal of the H.O", the residue was dissolved in 10 
ml of H.O, 10 ml of ethanol, and the mixture was placed for 1 
minute in a boiling water bath. After 60 minutes at room 
temperature, the precipitate was separated by centrifugation. 
The precipitate was washed twice with 50% ethanol and the 
combined supernatant and washings were concentrated in a 
vacuum at room temperature and dried by lyophilization. The 
500 mg of light brown amorphous powder contained no active 
enzyme. Chromatography with acid-butanol solvent (butanol- 
acetic acid-H.O, 50:15:35) gave only one positive spot with the 
Partridge reagent (33). 

For the preparation of the disaccharides, 450 mg of the crude 
tetrasaccharide preparation were incubated at 37° for 16 hours 
under toluol with 30 to 50 mg of purified C. welchit hyaluronidase 
in 4 ml of 0.1 M acetate-phosphate buffer, pH 5.0, containing 
0.15 m NaCl. After the incubation, the solution was poured 
through a column made with 7 g of Darco G-60-Celite (5:2) to 
absorb the disaccharides. After the column had been washed 
with H,O until Cl--free, the disaccharides were eluted with 
300 to 400 ml of 20% ethanol. The washing and elution were 
carried out at 4° over a period of 1 week. Elution of the disac- 
charides was followed by measurement of absorption at 232 mu. 
After evaporation of the solvent in a vacuum, 140 mg of a white 
amorphous powder were obtained. On the basis of glucosamine 
analysis and 232 mu absorption, the disaccharide mixture con- 
tained 35% unsaturated disaccharide (Table IV). Chromatog- 
raphy on paper with the acid-butanol solvent showed two spots 
with the Partridge reagent (33). The more rapidly moving spot 
was identified as the unsaturated disaccharide by observation in 
ultraviolet light. 

For separation of the disaccharides, 50 mg of the mixture were 
dissolved in 0.5 ml of H,O and streaked on 9 sheets of Whatman 
No. 3 paper (12.5 X 18cm). Descending chromatograms with 
the acid-butanol solvent were carried out at 4° for 24 hours. 
After drying for 2.5 hours at room temperature, the papers were 
cut and the disaccharides were eluted with H.O. The eluates 
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TaBLe IV 
Chemical composition of mixture of disaccharides from 
isotopic experiments 
The unsaturated disaccharide was calculated from the extinc- 
tion coefficient at 232 mu (e = 5 X 10°). The results of glucosa- 
mine analyses are taken as reference values: 7t.e. the numbers 


represent molar ratio with respect to glucosamine. Data are 
given for two independent experiments. 

- Molar ratio 
Glucosamine................. 1.00 1.00 
N-Acetylglucosamine......... 0.94 0.97 
Unsaturated disaccharide..... 0.36 0.35 


TABLE V 
Composition of isolated disaccharides 
The numbers represent the molar ratio with respect to glucosa- 
mine analyses. 


Unsaturated 
disaccharide 


Normal 


disaccharide Hyaluronic acid 


Glucuronie acid......... 1.08 0.85 0.95 
Glucosamine............. 1.00 1.00 1.00 
0.03 1.06 


ODa2(e = 5 X 


were treated with a small amount of Darco G-60, concentrated 
in a vacuum, and lyophilized. Approximately 20 mg of satu- 
rated disaccharide and 15 mg of the unsaturated disaccharide 
were obtained. Both compounds were amorphous but gave only 
one spot on chromatography on paper. Results of chemical 
analyses of the two compounds are given in Table V and show 
that the saturated disaccharide was contaminated by 3% of the 
unsaturated disaccharide as indicated by absorption at 232 mu. 

The results of analyses of the products for O8 are shown in 
Table VI. As in previous experiments, controls were carried out 
in which a tetrasaccharide preparation was incubated with 
testicular hyaluronidase under the same conditions as employed 
for the enzymatic degradation of hyaluronic acid in H,O¥. In 
Experiment 1 of Table VI, the disaccharide mixture was analyzed 
for O'8 before separation by paper chromatography. This sam- 
ple contained about 45% of the O'’ expected if 1 atom of O"* were 
incorporated per tetrasaccharide molecule. No appreciable 
amount of O8 above that in the controls was found in either the 
unsaturated or saturated disaccharide. Since the saturated 
disaccharide should not have lost any O"§ incorporated at C-4 of 
its glucuronyl group, the conclusion was drawn that the O'8 was 
incorporated at C-1 of the reducing acetylglucosamine moiety of 
the tetrasaccharide. 


~ 


DISCUSSION 


The hyaluronidases have been termed glycosidases on the basis 
of the heteropolysaccharide nature of their substrates which are 
degraded to fragments of low molecular weight as a result of the 
hyaluronidase action. Linker et al. (9) have pointed out, how- 
ever, that the bacterial hyaluronidase apparently catalyzes a 
simple elimination reaction. Their conclusion was based on the 
chemical structure of the product and on the demonstration that 
the tetrasaccharide product of testicular hyaluronidase action is 
converted by bacterial hyaluronidase into two disaccharides, one 
of which is saturated. Although the suggestion of Linker e¢ al. 
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TaBLe VI 
Testicular hyaluronidase-catalyzed depolymerization of 
hyaluronic acid in 
Concentration of O'8 (atom % excess) 
Ex- 
Found c 
Materialzanalyzed 
No. =| atom of 
Ble , incor- 
reaction 
5 & | molecule) 
1 Disaccharide mixture | 0.238; 0.225 
(before paper chro- 
matography) 
Saturated disaccharide | 0.110) 0.054/0.062/0.048] 0.62 
0.112 
Unsaturated disaccha- | 0.118) 0.071/0.081/0.032) 0.68 
ride 
4 7.44 | 6.56 
2 Saturated disaccharide | 0.118) 0.087 0.088 (0.033) 1.21 
0.124) 0.081 
Unsaturated disaccha- | 0.129) 0.075 1.23 
ride 0.131} 0.080 
H,O0'8 14.6 (13.7 
14.5 (13.9 


@ Corrected to the O'8 concentration of the water used in the 


enzyme reaction. 

>’ Column 1 less Column 3. 

¢ The amount of O!8 which would have been found in the prod- 
uct if 1 atom of oxygen were derived entirely from the medium. 
This number is calculated by dividing the atom % excess O'* of 
the medium by the number of oxygen atoms present, 7.e., 12 for 
the saturated disaccharide, and 11 for the unsaturated disaccha- 
ride. For the disaccharide mixture, the expected amount is 
calculated on the assumption that there is 1 atom of O'8 per mole- 
cule of unsaturated disaccharide only. The mixture analyzed 
contained 1.86 moles of saturated disaccharide per mole of unsat- 
urated disaccharide. The number of oxygen atoms in which one 
O}8 atom would be diluted is therefore 11 + 1.86 K 12 = 33. 


seemed reasonable, it appeared to require more experimental 
evidence. Thus, there was a possibility that the reaction might 
occur in two steps involving an initial hydrolysis followed by 
elimination of water. 
OR from C-4 of the glucuronic acid moiety by the hydroxyl] 
group of the medium, this might involve an inversion of configu- 
ration at C-4, which might be required for the subsequent elim- 
-ination of water. The equivalent formation of reducing groups 
and double bonds during the entire course of the depolymeriza- 
tion provides evidence, however, that if there is an attack of 
the hyroxyl group at C-4 of glucuronic acid, the subsequent 
elimination of the same hydroxyl group proceeds so rapidly that 
no saturated intermediate accumulates in detectable quantities. 
It appears most likely that if the reaction proceeds as a displace- 
ment at C-4 of the glucuronate, the enzyme rather than water, 
would provide the attacking nucleophyllic group. 


Mechanism of Action of Hyaluronidase 


If there was an initial displacement of’ 
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The formulation of the reaction as an elimination process pre- 
cludes the possibility that there is an initial attack of the hydroxy] 
group on C-1 of the N-acetylglucosamine moiety. This process 
would be associated with an incorporation of O* in the O at C-1 
if the process occurred in labeled water. The experiments with 
HO" described showed, in fact, that there was no obligatory 
incorporation of O}* from the medium into the unsaturated disac- 
charide during its formation by enzymatic action. In other 
words, the results show that the enzyme action does not involve a 
cleavage of the molecule between the C-1 of the N-acetylglu- 
cosamine and the O attached to C-4 of the glucuronic acid moiety, 
The polarimetric studies likewise confirm this conclusion. They 
show that the first product of enzyme action probably has the 
same @§-configuration at the reducing group as the hyaluronic 
acid itself. Had an inversion of configuration accompanied 
hydrolysis, the results would have contradicted the data ob- 
tained with H,O". 

All of the results obtained with bacterial hyaluronidase are ip 
keeping with a mechanism formulated as a simple elimination 
reaction. Bacterial hyaluronidase should almost undoubtedly 
be classified with enzymes such as fumarase and aconitase, and 
not with the glycosidases. It is of interest, however, that the 
ring structure of the uronic acid moiety of hyaluronic acid re- 
quires that the unsaturated disaccharide product be formed by 
cts elimination of the H and OR groups, whereas the addition and 
elimination of water in both the fumarase and aconitase re- 
actions has been shown to occur trans to the double bond (34- 
37). 

The testicular hyaluronidase, unlike the bacterial enzyme, is a 
glycosidase with both hydrolytic and transglycosidase action (2, 
38). From the structure of the product, it is apparent that 


addition of water is necessary in order to obtain a high yield of © 
It is not apparent, however, whether the — 
hydroxyl group of water would attach to the C-1 or to the C-4 ) 
Polanyi and Szabo | 


tetrasaccharide. 


carbon atom of the 1—4 glycoside linkage. 
first used H,O” to show that the acid hydrolysis of methyl and 
phenyl glycosides involved cleavage between the C-1 carbon 
atom of the carbohydrate and the oxygen bridge (39). Such use 
of labeled water was extended to the study of the site of cleavage 


of phosphate esters, including glucose 1-phosphate, by Cohn (40). | 
The application of heavy water to the study of the enzymatic | 
cleavage of glucoside bonds has also been employed and ex- | 
He has pointed | 
out that an enzyme reaction has the greatest specificity require- | 
ments for that part of the substrate structure which is closest to | 
the position of the bond which is broken in the reaction. There | 
is not much information regarding the specificity of testicular | 
hyaluronidase for its substrate, but the small amount of infor- _ 
mation available suggests that the enzyme is specific for the — 


tensively discussed by Koshland (32, 41-48). 


uronic acid moiety. Thus, testicular hyaluronidase acts on 
chondroitinsulfuric acid A and C, but not on B. Chondroitin- 
sulfuric acid B differs from other chondroitinsulfates in that it 


contains L-iduronic acid instead of p-glucuronic acid. From © 


this, one might have expected the incorporation of O" to occur at _ 
The results show that this is 


C-4 of the glucuronic acid moiety. 
actually not the case, but that the enzyme acts to cleave the bond 
between the carbonyl carbon atom and the oxygen bridge. 
There are, to our knowledge, no enzymes yet known which cleave 
a glycoside bond on the alcohol side of the oxygen bridge, except — 


for the bacterial hyaluronidases. i 


| 

ey 

t 
in 
ot 
an 
our 

she 

to 
. hy: 
| 1. 

2. 

4. 

5 

«6. 

9, 
10. 
ll. 
12. 

13. 


February 1961 


SUMMARY 


In the course of degradation of hyaluronic acid by bacterial 
hyaluronidase, the release of reducing groups was found to par- 
allel the increase in ultraviolet absorption, thus affording no 
evidence for the formation of a saturated intermediate. When 
the reaction was carried out in H,O, no O of the medium was 
incorporated into the radioactive product. This is in contrast to 
other known glycosidases. It is suggested that this results from 
an attack by enzyme on the bond between O and the C-4 of 
uronic acid resulting in a simple elimination reaction such as 
occurs with fumarase and aconitase and not with glycosidases. 
This mechanism was supported by polarimetric studies which 
showed that the product first released has a 8 configuration at the 
reducing end as is present in hyaluronic acid itself. In contrast 
to bacterial hyaluronidases, enzymic studies with testicular 
hyaluronidase in the presence of H,O" suggest that the latter 
behaves as a typical glycosidase. 
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Evidence for the existence of the hexose monophosphate 
pathway for glucose oxidation in the thyroid has been previously 
reported (1-3). It was also shown that thyroid-stimulating 
hormone stimulates the oxidation of glucose-1-C™ and glu- 
cose-6-C to C4O. in vitro. This effect was evident within 5 
minutes after adding TSH! to thyroid slices. This early increase 
in glucose oxidation suggested that TSH might act directly on 
one of the early steps of glucose metabolism and initiate proc- 
esses leading to secondary increases in iodide and phospholipid 
metabolism and oxygen consumption which have been previously 
noted in vitro (4-6). Both TSH and acetylcholine have been 
found to stimulate the release of ['*! from the thyroid in vivo (7). 
The increase with acetylcholine seemed to be independent of 
changes in blood flow and suggested a direct effect on thyroid 
epithelial cells. It therefore seemed of interest to investigate 
the effects of acetylcholine on the glucose oxidation of the thyroid. 
The results of these studies serve as the basis for this report. 


EXPERIMENTAL PROCEDURE 


The experimental procedure has been reported in detail pre- 
viously (2). Thyroid, pancreas, liver, mesenteric fat, and kidney 
were obtained from dogs exsanguinated under Nembutal anesthe- 
sia. Brain was obtained from 600-g guinea pigs killed by de- 
capitation. Only the gray matter of cerebral cortex was used. 
Pigeon pancreas was obtained from birds fasted for 48 hours and 
handled as described by Hokin and Hokin (8). Liver, testis, 
epididymal fat pad, and diaphragm were obtained from nonfasted 
150-g Sprague-Dawley rats. The tissues were kept on ice until 
used. Slices weighing 35 to 200 mg were prepared with a Stadie- 
Riggs microtome and were incubated at 37° in 25-ml flasks with 
0.5 ue of either glucose-1-C™ or glucose-6-C™ (purchased from 
the National Bureau of Standards). After a 45-minute incuba- 
tion, the reaction was stopped by the introduction of 0.1 ml of 
10 nN HeSQ,; the C™O: was collected in hyamine and counted in 
a liquid scintillation counter. Results are expressed as ¢.p.m. 
per g wet weight of tissue per 45-minute incubation. Substances 
tested were dissolved in buffer. In some experiments eserine 
was added to prevent the destruction of acetylcholine by cho- 
linesterase. Each set of experiments was performed on tissue 
from the same animal. All data in the tables were obtained 
from dog thyroids. 

Glucose uptake was measured by incubating slices for 4 hours 
in 2 ml of Krebs-Ringer bicarbonate buffer containing 11 wmoles 


1 The abbreviation used is: TSH, thyroid-stimulating hormone. 


of glucose. Duplicate 0.5-ml aliquots were then removed, pro- 
tein-free filtrates made, and the glucose determined by the 
glucose oxidase method (Glucostat, Worthington Biochemical 
Corporation). 


TSH was a gift of Dr. Robert Bates, National Institutes of | 
Health. Acetylcholine chloride, eserine sulfate, and atropine — 
Choline 
chloride was purchased from Nutritional Biochemicals Corpora- — 


sulfate were purchased from Merck and Company, Inc. 


tion. 


RESULTS 


The data of Table I indicate that acetylcholine in the presence | 


of eserine stimulates the oxidation of glucose-1-C™ and glucose- 
6-C™ to C¥O,.. Stimulation could be regularly observed with 
2.8 10-* acetylcholine and occasionally with 2.8 « 10-9 


Increasing the concentration of acetylcholine from 2.8 X 10% | 
Neither 3.6 X 


to 2.8 « 10-4 M causes increasing stimulation. 
10-4 mM eserine nor 7 X 10-5 mM choline is stimulatory alone. In 
the absence of eserine, 2.8 X 10-8 M acetylcholine does not in- 


crease glucose oxidation, whereas at 2.8 « 10-5 M, acetylcholine | 
The percentage | 


stimulation is the same with or without eserine. 
of increase in the oxidation or either glucose-1-C™ or glucose-6- 
C" is approximately the same. Fig. 1 shows that stimulation 
of glucose-1-C™ oxidation to C“O2 was evident at 5 minutes and 
still increasing at the end of 2 hours. Glucose-6-C™ oxidation 
also increases with time. This increase in glucose oxidation to 
CO. is accompanied by an increase in glucose uptake by the 
slices from the media (Table II). Acetylcholine alone (2.8 X 


10-* m) stimulates glucose uptake, whereas 3.6 < 10-4 M eserine 


alone does not appear to stimulate. 

Atropine completely inhibits the stimulation produced by 
acetylcholine but not that produced by TSH (Table IID). Atro- 
pine by itself does not modify the basal oxidation of glucose. 
Of all the drugs tested which are known to interfere with thy- 
roidal iodine metabolism, only iodide partially inhibited the 
stimulation by acetylcholine (Table IV). 

A number of other tissues were surveyed to see whether this 


responsiveness to acetylcholine had any general significance. — 
The data of Table V show that although in some tissues acetyl- 
choline causes relatively small or inconsistent increases in Ox- — 


dation of glucose-1-C™ to C“QOs, these changes were not of the — 


same magnitude as observed in the thyroid. These small effects 
were not due to species variation, since acetylcholine only caused 
small increases in glucose oxidation of dog liver and pancreas. 
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DISCUSSION 


Acetylcholine, at very low concentrations, increases the oxida- 
tion of glucose-1-C™ and glucose-6-C™ to C4Oz by thyroid slices. 
The concentration of acetylcholine needed is one that may exist 
in vivo in sympathetic ganglia (9). In addition, the magnitude, 
rapidity, and specificity of the effects observed argue for an 
important role of acetylcholine in thyroid physiology. Although 
the thyroid has profuse innervation, stimulation of its nerve 
fibers has failed to cause any consistent changes in thyroid physi- 
ology (10). However, most studies have been done with sym- 
pathetic stimulation, and acetylcholine is produced by parasym- 
pathetic fibers. 


TABLE I 
Acetylcholine stimulation of C'%O2 production by thyroid slices 
Each flask contained 2 ml of buffer, 5.6 & 10-* m glucose, and 
500,000 c.p.m. of glucose-1-C" or glucose-6-C4. All acetylcholine 
flasks contained 3.6 K 10°‘ Meserine. Results are the average of 
closely agreeing duplicates. 


derived from 
Substance Concentration 
| Glucose-1-C'4 Glucose-6-C'4 
M | c.p.m./g/45 min 
Control............ 80,300 9,950 
Acetylcholine...... 2.8 X 10-9 83 , 500 10,950 
Acetylcholine...... 2.8 X 117,000 12,200 
Acetylcholine...... 2.8 X 1077 187 ,000 19, 900 
45,000 
Acetylcholine...... 2.8 X 1077 139 ,000 
Acetylcholine...... 2.8 X 10-8 139 ,000 
Acetylcholine...... 2.8 X 10% 157 ,000 
Acetylcholine ...... 2.8 X 10-4 167 ,000 
400 + 
ICONTROL ACETYLCH OLINE 
350 | o—o 
GLUCOSE-6-C'* o—o 
300 
oO 
250 
= 
© 200 = 
= 
150 
100 
50 “ 
0 


Oo 20 40 60 80 100 120 
* MINUTES 


Fig. 1. Acetylcholine stimulation of glucose-1-C" and glucose- 
6-C' oxidation to CO, in thyroid slices. Each point is the aver- 
age of closely agreeing duplicates. The concentration of acetyl- 
choline was 2.8 < 10-* m and of glucose was 5.6 X 10-3 m. All 
acetylcholine flasks contained 3.6 X 10~‘ m eserine. 


TaBLeE II 
Acetylcholine stimulation of glucose uptake by thyroid slices 


Each flask contained 2 ml of buffer and 11 yumoles of glucose. 
Incubation was for 4 hours. 


Substance Concentration | Glucose uptake | p 
M | pumoles/g | 
Control........ 22.8 + 2.4* (3)t 
Acetylcholine + | 
eserine........2.8 X 3.6 10°434.4 41.2 (3) <0.01 


* Mean + standard error. 
t Number of determinations. 


TaB_e III 
Effect of atropine on acetylcholine and TSH stimulation 
of C'%O2 production 
Each flask contained 2 ml of buffer, 5.6 & 107% m glucose, and 
500,000 c.p.m. of glucose-1-C!*. All acetylcholine flasks contained 
3.6 X 10°‘ meserine. Results are the average of closely agreeing 
duplicates. 


| COs: de- 
Substance | Concentration peer 

| cu 
| M c.p.m./g 
Acetylcholine............... 2.8 X 10-8 107 ,000 
Acetylcholine + atropine... 2.8 XK 1075, 2.2 x 10-4 18,700 
TSH + atropine........... . 0.5 units/ml, 2.2 K 10-4 | 134,000 


In addition to stimulating glucose oxidation to COs, acetyl- 
choline stimulates glucose uptake (Table II). It has previously 
been shown that insulin also stimulates glucose uptake by thyroid 
slices in vitro, but does not increase glucose oxidation to COz (2). 
Therefore, the mechanism of action of acetylcholine would seem 
not to be primarily an increase in glucose transport as has been 
suggested for insulin (12). TSH also increases glucose uptake 
and glucose oxidation to CO: in the thyroid. But TSH and 
acetylcholine appear to act by different mechanisms, since (a) 
atropine abolishes the acetylcholine stimulation of glucose oxi- 
dation but not the TSH stimulation; (6) iodide partially inhibits 
the acetylcholine stimulation and not the TSH effect; (c) TSH 
stimulates glucose-1-C™ oxidation more than glucose-6-C™ oxi- 
dation, whereas acetylcholine stimulates both equally (2). 

This effect of acetylcholine on glucose oxidation of dog thyroids 
has also been observed in tissue obtained from humans, sheep, 
and guinea pigs. Changes of the largest magnitude, however, 
are seen in canine and sheep glands. 

Hokin and Hokin have shown that acetylcholine stimulates 
phospholipid synthesis in pancreas and brain (8, 11). This in- 
crease is unaccompanied by an increase in oxygen consumption, 
suggesting that it is unrelated to a general increase in cellular 
metabolism. Acetylcholine causes relatively small increases in 
the glucose oxidation of these tissues when compared with that 
observed in the thyroid. Whether acetylcholine significantly 
regulates phospholipid metabolism of thyroid tissue is not known. 
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TaBLe IV 
Effect of antithyroid drugs on acetylcholine stimulation 
of glucose oxidation 
Each flask contained 2 ml of buffer, 5.6 K 1073 m glucose, and 
500,000 e.p.m. of glucose-1-C'*. All acetylcholine flasks contained 
3.6 X 10-4 meserine. Results are the average of closely agreeing 


duplicates. 
C'4O2 de- 
Drug Concentration 
| M c.p.m./g 
Acetylcholine............... | 2.8 X 10-5 186 ,000 
Acetylcholine + MMI*...... | 2.8 X 10-5, 1 10-3 189 ,000 
Acetylcholine + NaClO,...... 2.8 X 107-5, 1 10-3 184,000 
Acetylcholine + KSCN...... 2.8 X 10-5, 1 10°° 172,000 
2.8 1075 256 , 000 
Acetylcholine + Nal........ 2.8 & 107°, 1.7 K 107% | 175,000 
Acetylcholine + Nal........ 2.8 X 1075, 3.3 & 1074 | 178,000 
Acetylcholine + Nal........ | 2.8 X 10-5, 2 X 10-¢ 108 ,000 
Acetylcholine + Nal........ 2.8 107%, 3.9 K | 168,000 
Acetylcholine................ 2.8 10-5 85,400 
Acetylcholine + NaBr....... | 2.8 10-5, 1.7 K 10°? 83 , 200 
Acetylcholine + NaBr.. 2.8 1075, 1.7 1075 82,800 

* MMI = methylmercaptoimidazole. 


However this evidence does not rule out the possibility that the 
changes in glucose and phospholipid metabolism are interde- 
pendent. 

The levels of iodide which interfere with the acetylcholine 
stimulation of glucose oxidation are probably higher than those 
which interfere with the incorporation of iodide into thyroglobu- 
lin (13). Methylmercaptoimidazole, which also interferes with 
iodination of thyroglobulin, does not modify the increase of 
glucose oxidation produced by acetylcholine. Iodide and meth- 
ylmercaptoimidazole probably inhibit iodination by different 
mechanisms, since the iodide effect disappears in vivo over a few 
days, whereas the methylmercaptoimidazole inhibition does not 
(13). 

TSH has been shown to stimulate the hydrolysis of thyro- 
globulin in vivo; this is partially inhibited by iodide (14-16). 
Acetylcholine also appears to cause hydrolysis of thyroglobulin 
in vivo (7). If the changes in glucose oxidation and thyroglobu- 
lin hydrolysis are closely interrelated, the inhibition of glucose 
oxidation caused by iodide might be thus explained. However, 
which is the primary event and which the secondary is not clear. 


SUMMARY 


Acetylcholine (2.8 X 10-* mM) has been shown to stimulate the 
oxidation by thyroid slices in vitro of glucose-1-C™ and glucose-6- 
It also stimulates glucose uptake. 


Smaller stim- 


C* to C¥O.. 


Acetylcholine Stimulation of Glucose Oxidation in Thyroid 
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TABLE V 
Effect of acetylcholine on glucose oxidation of other tissues 

Each flask contained 2 ml of buffer, 5.6 K 107-3 m glucose, and 
500,000 c.p.m. of glucose-1-C'. All acetylcholine flasks contained 
3.6 X 10-¢ meserine. Brain was obtained from 600-g guinea pigs, 
pancreas from pigeons fasted for 48 hours before killing, and 
other tissues from fed rats. 
agreeing duplicates. 


derived 

Tissue Substance Concentration glucose. 

M c.p.m./g/45 min 

Brain Control 42, 

Acetylcholine 2.8 X 107° 54, 800 

Pancreas Control 28 ,000 
Acetylcholine 2.8 X 1075 37 , 500 
Epididymal fat pad | Control 91,000 
Acetylcholine 2.8 X 1075 101 ,000 
Diaphragm Control 19,000 
Acetylcholine 2.8 107 21,000 
Testis Control 47 ,500 
Acetylcholine 2.8 X 1075 52,000 
Liver Control 20,000 
Acetylcholine 2.8 X 107-5 25,500 


ulatory effects of acetylcholine have been noted on the oxidation — 


of glucose-1-C™ to CO, by brain and pancreas. Atropine com- 


pletely and iodide partially inhibit the stimulation of glucose ~ 
oxidation in the thyroid. Evidence is presented which suggests — 
that the mechanism of action of acetylcholine and thyroid-stim- ) 


ulating hormone on glucose oxidation by thyroid is different, 
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The acetylation of aromatic amines by enzymes extracted from 
pigeon liver has been studied intensively, and the over-all process 
has been resolved into two clearly distinct steps. The pigeon 
liver extract that can acetylate sulfanilamide by utilizing 
adenosine triphosphate, coenzyme A, and acetate was treated 
with acetone to yield first, a fraction that produced acetyl-CoA 
and second, a fraction that transferred the acetyl from acetyl- 
CoA to sulfanilamide (1). For the acetyl transferase, a con- 
venient spectrophotometric assay was obtained by replacing 
sulfanilamide with p-nitroaniline (2). It was further shown that 
the acetyl donor need not be acetyl-CoA, but could be an acety!1- 
ated aromatic amine, and that the reaction was independent of 
CoA (3); actually, the addition of reduced CoA! inhibited the 
transfer reaction (2). As expected, the reaction between acetyl- 
CoA and p-nitroaniline proceeded to completion (2), but the trans- 
fer of acetyl from one aromatic amine to another, p-(p-acetyl- 
aminophenylazo) benzenesulfonate to sulfanilamide, was readily 
reversible and appeared to have an equilibrium constant near 
unity (3). 

In a previous paper (4), the acetyl transfer reaction from p- 
nitroacetanilide to aniline was used to investigate the means by 
which amethopterin inhibition of sulfanilamide acetylation 
occurs. In the course of these studies the reversal of the reaction 
(acetanilide + p-nitroaniline) was sought but could not be de- 
tected. This indication of an irreversible reaction was in con- 
trast to the previous report of the reversible transacetylation 
between aromatic amines (3). The present report is concerned 
with this apparent discrepancy and its resolution in terms of the 
electronegativity of the para substituent of the acetyl donor 
molecule. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


The following aromatic amines and acetyl derivatives were 
obtained from Eastman Organic Chemicals; the melting points, 
uncorrected, were as follows: acetanilide, 114-115°; p-nitro- 
acetanilide, 214-215°; p-chloroacetanilide, 179-181°; p-bromo- 


acetanilide, 168-170°; acet-p-toluidine (p-methylacetanilide), 


148-150°; p-(p-aminophenylazo)benzenesulfonic acid, >220°. 
The sodium salt of p-(p-acetylaminophenylazo)benzenesulfonic 


_ acid was prepared by adding 2 g of the amine to 40 ml of acetic 


* Operated by Union Carbide Corporation for the U. 8. Atomic 
Energy Commission. 

' Tabor et al. (2) first reported the inhibition of acetyl transfer 
by reduced CoA. Johnson et al. (9) reported that amethopterin 


3 inhibited sulfanilamide acetylation. 


anhydride and 1 to 2 g of fused sodium acetate. The mixture, 
kept on the steam bath, turned from red to orange, and after 20 
minutes a negative test (5) for aromatic amines was obtained. 
The mixture was poured over ice, and the aqueous phase sepa- 
rated and filtered. Sodium hydroxide was added to the filtrate 
(0°) until it was distinctly alkaline. The resulting orange 
precipitate was filtered out, dissolved in hot water, and allowed 
to crystallize at room temperature. 

C-labeled p-methylacetanilide was synthesized by mixing 
74 mg of p-toluidine with 34 mg of acetic anhydride-1-C™ (3 me 
per mmole), adding 6 mg of fused sodium acetate, and heating 
at approximately 100° for 20 minutes. The resulting material 
was dissolved in 10 ml of ethyl acetate, filtered, and the filtrate 
extracted five times with 6 ml of 0.2 N HCl. The ethyl acetate 
was evaporated off under reduced pressure and the amber-colored 
oil dissolved in water. The water solution was put on a Dowex 
50-X8 column, 8 mm X 100mm, 100 to 200 mesh (Biorad ana- 
lytical resin). Distilled water eluted one major and one minor 
peak, as measured by radioactivity, and one skewed peak, which 
corresponded to the major radioactive peak, as measured by 
optical density at 240 mu. The major radioactive peak corre- 
sponded to p-methylacetanilide; the minor peak was discarded. 
Acetanilide is eluted before p-methylacetanilide by this pro- 
cedure and is quite well resolved from it at a flow rate of 0.75 
ml per minute. 

Acetyl-CoA was prepared and isolated by paper chromatog- 
raphy according to Stadtman (6). CoA was purchased from 
Pabst Laboratories. Satisfactory pigeon liver powder was 
prepared according to Kaplan and Lipmann (7) or purchased 
from Pentex, Inc. 

Purification of Acetyl Transferase—The acetone powder of 
pigeon liver was extracted at room temperature by grinding in a 
mortar with 0.005 m Tris pH 8-0.001 m cysteine-HCI-0.001 m 
EDTA,? 10 ml per g of powder being used. After allowing 15 
minutes for extraction, the mixture was centrifuged at 6000 x 
g for 15 minutes at 3° to yield a clear, red solution. Acetone 
was added to the extract, and the precipitates were collected at 
40, 45, 53, 60, and 70% acetone (volume per volume, assuming 
additive volumes) by centrifuging at 6000 x g for 10 minutes 
at 3°. The enzyme solution was kept at its freezing point 
during addition of acetone by cooling in a solid CO.-acetone 
mixture. Each precipitate was mixed with 0.01 m potassium 
phosphate pH 7.8-0.001 m EDTA-0.001 m cysteine-HCl to give 


2 Abbreviations are as follows: AABS, p-(p-aminophenylazo)- 
benzenesulfonic acid; DEAE, diethylaminoethyl; EDTA, ethyl- 
enediaminetetraacetic acid. 


343 


| 
) 
ation 
com- F 
ucose | 
rgests 
stim- } 
» 
B., J. 
). 
8, 531 
1953). 
958). | 
O67 | 
harles 
Pub- 
Acta, 
_ and 
| 


344 Acetyl Transferase Vol. 236, No.2 | 


TABLE I similar specific activities were then combined, and the protein __ 
Purification of acetyl transferase from pigeon liver was fractionally precipitated by solid ammonium sulfate at the 
For the more purified fractions, the specific activity was re- following concentrations (percentage of saturation at 25°) 0 to 
ferred to the optical density at 280 mu of the solution containing 50, 50 to 70, and 70 to 90. A summary of the purification ap. 
the enzyme. pears in Table I. Hereafter, purified enzyme will refer to that F 
precipitated by 50 to 70% saturated ammonium sulfate after 
Fraction fica- the DEAE column. The enzyme referred to as A-60 is that 
| 08 precipitated between 40 and 60°% acetone (1) from the crude _—¢ 
Pa | Enzyme Assay—Two chromophoric amines were used, p- I 
(0.28 920 nitroaniline = 11.22 10° cm? per mole at 400 mu) and AABS 
| 33 1,090 (€ = 8.75 X 10° cm? per mole at 460 mu). The corresponding 
6,550 acetylated compounds are p-nitroacetanilide = 0.03 x 105 
19.1 8.9 7} 4,150 cm? per mole at 400 my) and acetyl-AABS (€ = 1.64 106 em? 
| 1.9 240 ~=per mole at 460 mu). The reaction between the chromophore 0 
DEAE fractions 18 to 28........... | 37.8 | 30! 6,750 and the other aromatic compound was followed in a spectro- w 
Ammonium sulfate | photometer, the cuvette compartment of which was thermoregu- Ir 
38.7 | 31 | 2,580 The stimulation by sulfydryl compounds and EDTA 
50-70% | 60.3 | 48) 4,230 was reported previously (2, 4); cysteine was found to saturate | 
| at approximately 0.03 M. For optimal activity, a pH of 8 to9 | 
is required (Fig. 1); activity falls off at pH below 8 more rapidly —s_ a 
5 - than reported previously (2). At zero time, the aromatic amine _ st 
(acetyl acceptor) was added after a 3- to 5-minute preincubation | __n 
wan of the enzyme with the other ingredients of the reaction mixture, | ta 
= a " during which the temperature reaches and is maintained at 29°. | th 
For purification, the enzyme was assayed in the following 2-ml } _ th 
reaction mixture: 5 X 10-4 M p-nitroacetanilide, 5 y 
hes aniline, 0.1 M Tris pH 8.0, 0.01 m EDTA pH 8.0, 0.03 m cysteine- | 
5 HCl (neutralized). The rate is expressed as the change of optical 
w o- density at 400 my of 0.001 per minute as determined over a 10- [| | 
L ; minute period; a constant rate was obtained for this period. | pH 
3 At this concentration of p-nitroacetanilide, the rate is linearly ex 
we related to enzyme concentration as the latter is varied from25 del 
to 30 units. |= 
Protein was determined according to Lowry et al. (12). | 
6 7 8 9 RESULTS eer, 
A reversible transfer of the acetyl group between N-acetyl- | 
1 Activity of transferase at various pH values. sulfanilamide and ABS was observed by Bessman and Lipman 
ine-HCI (neutralized), 5 X 10-* a p-nitroacetanilide, 7.5 X 10-8 (3), and the equilibrium point appeared to be near 1. — 
mM AABS (acceptor), purified enzyme, and 0.1 m Tris (O) or phos- In the present study, an enzyme preparation (A-60) from the | 
phate (@) buffer. Velocity is expressed as an increase in optical same source (pigeon liver) was shown to catalyze an acety] trans- 
density at 400 my of 0.001 unit per minute. fer from p-nitroacetanilide or acetyl-AABS to aniline, but failed | 
to catalyze the reverse reactions (Table II). The reversible 
a volume of 6% of the original extract. Undissolved material transfer between p-nitroacetanilide and AABS was demonstrable 
was removed by centrifugation. (Experiment 3, Table II), thus confirming the reversible nature 
A column was prepared from DEAE cellulose, washed suc- of the reaction, but leaving unexplained the failure of acetanilide ; 
cessively with 0.2 n KOH, 1 m K2:HPQO,, and then potassium _ to act as acetyl donor. : 
phosphate buffer pH 7.8 at concentrations of 0.1, 0.05, 0.02, and Since Bessman and Lipmann (3) argue that there are two types 
0.01 m. A column 190 mm in height by 22 mm in diameter is of acetyl transfer reactions catalyzed by this enzyme, an irrevers- — 
used when 50 g of liver powder are being processed. The most ible type in which acetyl-CoA participates and a reversible type 
active acetone-precipitated fractions were combined and added _ in which acetylated aromatic amines react, further investigation 4 
to the DEAE cellulose column at a rate of 3 ml per minute. was made of the apparent inability of acetanilide to act as acetyl 
After the sample was added, 60 ml of 0.01 M potassium phosphate donor. : 


pH 7.8 was put through the column at 0.5 ml per minute. Then Comparison of Acetyl Donors—For further exploration of the 
a gradient of potassium chloride was started at 0.5 ml per minute. anomalous behavior of acetanilide, the enzyme was purified : 
The reservoir contained 500 ml of 2 m KCI-0.01 m potassium further and a series of para-substituted acetanilide derivatives — 
phosphate pH 7.8, and the mixing chamber contained 500 ml of | were examined in the acetyl transferase system. According t0 © 
0.01 M potassium phosphate pH 7.8; both containers were cy- Fig. 2, the nitro substituent provides the most active derivative, i pene 
lindrical and equal in diameter. The column fractionation and followed in decreasing effectiveness by chloru, methyl, and hy- ss #y 
the collection of fractions was performed at 3°. Fractions of drogen. Further experiments showed bromo to be as effectivé — amoy 
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as chloro, since the rate with p-bromoacetanilide was equal to 
that with p-chloroacetanilide at equivalent concentrations. 

The slow but definite reaction involving acetanilide is in con- 
trast to the unreactivity first observed. Studies with three 
A-60 enzyme preparations, involving incubation for 2 hours at 
30°, failed to give a reaction between acetanilide and an acetyl 
donor. But with the use of three preparations of the purified 
enzyme (50- to 70-fold purification), a slow reaction in which 
acetanilide was the donor was observed. Therefore, the ap- 
parent discrepancy with Bessman and Lipmann (3) is resolved 
by using sufficiently purified enzyme (enzyme in reference (3) 
was 38-fold purified), but the reactivity of donors can vary, de- 
pending on the character of the para substituent. 

Examination of the compounds tested as donors reveals a series 
of acetyl transfer rates similar to an electronegativity series 
where nitro > halogen > methyl > hydrogen. Usually the 
methyl group is considered slightly electropositive, but in the 
case of toluene, it functions as an attractor of electrons, pre- 
sumably by hyperconjugation (8). 

Neither the acetyl donor nor the acetyl acceptor must possess 
a strongly electronegative group, since it was possible to demon- 
strate a reaction between p-methylacetanilide and aniline. Since 
neither compound has spectral characteristics that would facili- 
tate a spectrophotometric observation of the acetyl transfer, 
the products were separated on an ion exchange column. Since 
the reaction rate was very slow, the p-methylacetanilide was 


TABLE II 
Transfer reaction between several aromatic amines _ 

Reaction conditions were: 0.27 m Tris pH 8.1, 0.01 m EDTA 
pH 8, 0.03 m cysteine-HCl, 29°, and the substrates as shown, 
except that different A-60 enzyme preparations, 8 to 10 units as 
defined for enzyme purification, were used for the three experi- 
ments. Rate was measured spectrophotometrically and is de- 
fined as the number of mymoles of acetyl transferred per milli- 
liter per minute. 


Molarity of acetyl donors Molarity of acetyl acceptors 
| AABS | | Aniline 
] 2 4 1.05 
x 10-4 x 10-4 
4 4 1.49 
x 10-4 xX 10-4 
2 2 0 
x 10-4) X 1074 
2 3.5 1.6 0.43 
x 10-3 10-4 
1.6 8 0* 
xX 10-4 x 10-5 
2 18 
x 10-3 10-5 
3 5 5 0.60 
xX 10-5 x 10-5 
1 5 0.60 
xX 10-4 x 10-5 
1 5 0.24 
x 10-4 10-5 
4.4 5 0.80 
x 10-5 x 10-5 


* Fivefold increase in enzyme concentrations compared to the 
amount present in the forward reaction. 


K. B. Jacobson 


345 
{0 T T T 
NOs 
8+ 
6r / Ci 
H 
\ 
0.5 0.75 1.0 
CONCN. (mM) 


Fig. 2. Rate of acetyl transfer from several donors at varied 
concentrations. Reaction conditions included 0.1 m Tris pH 8, 
0.01 m EDTA pH 8, 0.032 m cysteine-HCl (neutralized), 3 x 10-5 
M AABS, purified enzyme (74-fold purified), and a temperature 
of 29°, and acetyl donors as shown. Velocity is expressed in 
terms of the decrease in optical density of 0.001 unit per minute 
at 460 


TaBLeE III 
Comparison of p-methyl- and p-nitroacetanilide 
by use of common acceptor 
I. Reaction conditions included 0.1 m Tris pH 8.1,0.01m EDTA 
pH 8, 0.03 m cysteine-HCl (neutralized), 0.4 ml of A-60 (55 units 
per ml), 1 X 10-4 m aniline, 1 X 10-3 m p-methylacetanilide la- 
beled on carboxyl with C", 116,600 c.p.m. per ml, and a temper- 
ature of 33°. Aliquots were removed and extracted with 5% 
trichloroacetic acid, and the radioactivity of the acetanilide frac- 
tion resulting from chromatography on Dowex 50-X8 as described 
in ‘‘Experimental Procedure’’ was determined. From the num- 
ber of c.p.m., the percentage of conversion of acet-p-toluidine 
was calculated; the small amount of radioactivity found in the 
acetanilide fraction at zero time was subtracted from the sub- 
sequent values. 
II. Reaction conditions same as I except 2.93 K 10-4 m p-nitro- 
acetanilide replaced p-methylacetanilide, and the reaction was 
followed at 400 mu. 


Time Acetanilide Transfer 
min pmole/ml % 
I. Donor: p-methylacetanilide 3 
0 0 0 
45 0.006 0.06 
92 0.011 1.1 
92 (boiled) 0 0 
II. Donor: p-nitroacetanilide 
0 0 0 
46 0.075 25 
92 0.121 | 41 


synthesized to include carbon 14 in the acetyl group to increase 
the sensitivity in detection of the product, and the reaction rate 
was followed by measuring the radioactivity in the acetanilide 
zone of the chromatogram (Table III). The small amount of 
radioactivity detected at zero time and after incubation with 
boiled enzyme was subtracted from the gross amount obtained 
at 45 and 92 minutes. The reaction rate between p-methylacet- 
anilide and aniline was measurable but less than zo that be- 
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TaBLe IV 
Comparison of various aniline derivatives as acetyl acceptors 
Reaction conditions were as follows: 0.1 m Tris pH 8.1, 0.01 m 
EDTA pH 8, 0.03 m cysteine: HCl (neutralized), 5 X 10-5 M acetyl- 
AABS, A-60 enzyme, and 1 X 10-* m acetyl acceptor amine, and 
temperature of 29°. Reaction was followed at 460 my. 


Acetyl acceptor Relative rate 


10+ 5; 5 
4-4 4-4 

> 4- 24 2- 
2 {- 

0.008 0.020 0.02 004 006 0. 002 004 006 

ANILINE AABS P-NITROANILINE (mA?) 


Fia. 3. Substrate saturation for three acetyl acceptor amines. 
Reaction conditions included 0.1 m Tris pH 8, 0.01 mM EDTA, 0.032 
M cysteine-HCl (neutralized), purified enzyme, and the following 
pairs of acceptor and donor: p-nitroaniline and 5.8 X 1074 mM 
p-chloroacetanilide, AABS and 5 X 10° mM p-nitroacetanilide, 
aniline and 3.9 X 10-4 M p-nitroacetanilide, and a temperature of 
29°. The amount of enzyme varied among the three experiments. 
Velocity is expressed as change in optical density at 460 my with 
AABS, or 400 mu otherwise, of 0.001 unit per min. 


TABLE V 


Comparison of acetyl-CoA and p-nitroacetanilide as 
donors at various purification steps 


The assay for acetyl transferase with p-nitroacetanilide acting 
as donor was performed with 0.1 mM potassium phosphate pH 7.1, 
0.01 m EDTA pH 8, 0.03 m cysteine, 3 X 10-5 m AABS, 5.6 & 10-4 
M p-nitroacetanilide and enzyme fractions as shown. With 
acetyl-CoA as donor, the conditions were the same, except that 
p-nitroacetanilide was replaced with 1.9 K 10-5 m acetyl-CoA. 
The reaction was observed at 460 my and the ratio of the initial 
rates calculated. 


p-Nitro- | Purifica- 

E A l ur ca 
| 
Acetone powder extract..................... 0.19 1 
DEAE eluate combined fractions........... 0.25 42 
Ammonium sulfate (50 to 60%)............. 0.28 74 


tween p-nitroacetanilide and aniline and probably nearer 75, 
since the concentration of p-nitroacetanilide was about 0.3 of 
the p-methylacetanilide concentration. Thus the electronega- 


tive substituent has a marked effect on the rate, but this experi- 
ment demonstrates that neither the donor nor the acceptor actu- 
ally needs a strongly electronegative group in order to be reactive. 
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Comparison of Acetyl Acceptors—If the reactivity of the acety] 
group is related to the degree of positive charge character of the 
carbonyl] carbon, it might be argued that reaction with acceptor 
amines would be in relation to the nucleophilic character of the 
amine. An electronegative substituent in the para position 


would be expected to reduce the nucleophilic character of the | 
amino group and therefore reduce the rate at which it reacted ag | 


an acetyl acceptor. Such an expectation is fulfilled as seen jp 
Table IV, with the exception of the halogen derivatives. In the 
cases of substituents that are negatively charged ions under the 
experimental conditions, the reason for their slower rate may 
be related not to electronegativity but to a repulsion by a 
negatively charged portionof theenzyme. With these exceptions, 
a general relation of increasing reactivity with decreasing elec. 
tronegativity of the para substituent seems to be borne out. 

A comparison between aniline and AABS as acetyl acceptors 
can be made by using data in Table III and Fig. 2. With aniline 
as the acceptor, comparison of p-nitro- and p-methylacetanilide 
shows a ratio of rates of approximately 70:1 (Table III), but 
only approximately 5:1 (Fig. 2) when the azo compound acts as 
acceptor. Thus the azo compound is a more effective acetyl 
acceptor than aniline. 

With regard to the acetyl acceptors, the dependence of rate 
on concentration is reported in Fig. 3 for aniline, p-nitroaniline, 
and AABS. In other experiments, p-methyl- and _ p-chloro- 
aniline were shown to saturate the enzyme in a manner similar 
to that of p-nitroaniline. The azo compound is bound most 
tightly and p-nitroaniline least of the three; however, they all 
saturate the enzyme at much lower concentrations than any of 


the acetyl donors. 

Reactions Involving Acetyl-CoA—The acetyl donor normally f 
used by the acetyl transfer enzyme in the pigeon liver is quite F 
probably acetyl-CoA. From the following evidence it seems | 
that the acetyl transfer between aromatic amines is catalyzed } 
by the same enzyme that uses acetyl-CoA as donor. First, the 
ratio of activities, when p-nitroacetanilide or acetyl-CoA is used 
as substrate, remains relatively constant among enzyme prepa- f 
rations at various stages in purification (Table V). Second, the f 
inhibition of transfer activity occurs in the presence of two un- 
usual inhibitors, CoA and amethopterin, and is of the same order 
of magnitude in both cases (Table VI). Third, Bessman and f 
Lipmann stated that they too found a constant ratio of activity, F 
comparing an acetylated aromatic amine and acetyl-CoA, af 
the purification of the enzyme progressed as well as in enzyme — 
preparations partially inactivated by heat. From the informa- 
tion at hand, therefore, a single enzyme may be considered re- 
sponsible for acetyl transfer from such different donors as pj 
nitroacetanilide and acetyl-CoA. 

A comparison of these two substrates, acetyl-CoA and p- 
nitroacetanilide, under the same conditions reveals a marked 
difference in regard to the rate of acetyl transfer. Computing } 
the rate that p-nitroacetanilide would have at the concentration 
of acetyl-CoA in Table VII shows it to be x$o as effective 4 | 
donor as acetyl-CoA. These reactions involving acetyl-CoA | 
are examined at pH 7.1 to minimize a nonenzymic transfer of 
the actyl from acetyl-CoA to cysteine (10). 


DISCUSSION 


This investigation was performed to explain an apparent 
irreversibility of the acetyl transfer reaction between p-nitro- 
acetanilide and aniline, since a reversible transfer between other 
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aromatic amines had been recorded by Bessman and Lipmann 
(3). The reaction between acetanilide and p-nitroaniline did 
not occur to a measurable extent when the A-60 enzyme was used, 
but was detectable when a more purified enzyme preparation was 
used. The A-60 enzyme was 8- to 10-fold purified, Bessman’s 
enzyme was 38-fold, and the purified enzyme preparations used 
in the present study were 48- to 74-fold. Therefore, the reaction 
is reversible when the enzyme is sufficiently purified. 

The reason for the difference in enzyme preparations was not 
sought when it became evident that a major factor, related to 
differences in reaction rates, was the electronegativity of the para 
substituent on the acetyl donor (acetanilide derivative). Com- 
paring several donors, the rate of acetyl transfer was seen to 
decrease as the electronegativity of the para substituent de- 
ereased, NO. > Cl, Br > CH; > H. The effect of the more 
strongly electronegative substituents would be to supplement 
the electron-attracting effect of the N in the amide group. The 
reaction rate of acetanilide reflects the effect of this amide N in 
attracting electrons from the carbonyl group; the rates of the 
para-substituted acetanilides then reflect the additional contribu- 
tion each substituent makes in inducing carbonium character to 
the carbonyl group. For the case of p-nitroacetanilide, the 
effect may be considered as a combination of induction and 
resonance, since Wheland (11), in considering the dipole moment 
of p-nitroaniline, considers that the following form contributes 
a large share among the possible configurations, 


be likely 


and would provide, on the amide N, a formal positive charge 
that would attract electrons from the C—N bond. The elec- 
tronegativity of the carbonyl bond would tend to counteract 
the effect of the amide N in the acetanilide compounds and 
account for the low reaction rate in the case of acetanilide itself. 

Further study of these substrates should be carefully con- 
sidered in view of the small variation in apparent K, and V max 
reported in Table VIII. The decreased relative rate is associated 
with an increased K, in comparing NO: with Cl and CH; with 
H, but not in comparing Cl with CH3. This is a situation lying 
outside the assumption that the reaction rate is governed by the 
dissociation of the enzyme-substrate complex to products set 
forth in deriving the relationships in Michaelis-Menten kinetics, 
and caution should be exercised in further exploring these rela- 
tionships. The assumption made in comparing these apparent 
K, and Vinax Values at this time is that all will be modified simi- 
larly when accurately evaluated by measuring dependence of the 
tate on the donor concentration at several levels of acetyl ac- 
ceptor. Nevertheless, the study of this transferase shows that 
the relative rate is clearly related to the electronegativity of the 
para substituent of the acetyl donor and represents a case in 
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TaBLe VI 
Inhibition of acetyl transfer by CoA and amethopterin 


Reaction mixture included 0.1 m potassium phosphate pH 7.1, 
0.01 m EDTA, 0.03 m cysteine, 3 X 10-° m AABS, purified enzyme, 
5 X 10-4 Mm p-chloroacetanilide or p-nitroacetanilide, or 2 X 107° 
acetyl-CoA. The acetyl-CoA rate resulted from 0.4 as much 
enzyme as used for the acetanilide substrates. Values given are 
the decrease in optical density at 460 my of 0.001 unit per minute 
at 29°. 


Reduced CoA Amethopterin 
In- In- 
| 
% % 
p-Nitroacetanilide............ 8.2 | 4.7 | 42 
p-Chlorocetanilide............ 6.9 | 2.3 | 67 
fe ee are 37.0 | 6.0 | 84 | 16.0 | 4.2 | 74 
TaBLeE VII 


Comparison of acetyl-CoA and p-nitroacetanilide as acetyl donors 
Reaction conditions same as for Table VI. 


Donor Concentration Rate 
pumole/ml mpmole/ml/min 
Acetyl-CoA 0.019 1.85 
0.038 3.53 
p-Nitroacetanilide 0.50 0.22 
TaBLeE VIII 


K, and Vmaz for various acetyl donors 


The data of Fig. 2 were plotted as 1/v against 1/S to obtain 
K, (apparent) and Vmax. 


Substituent Ks (apparent) Vmax Relative rate 
xX 
NO; 0.57 18.2 1.00 
Cl 1.09 15.4 0.38 
CH; 1.13 6.25 0.18 
H 3.34 7.15 0.08 


which the electronic configuration of the substrate appears to 
control the rate with which the enzyme reacts with the substrate. 

The acetyl transferase was recognized by Tabor et al. (2) as a 
useful tool for the quantitative measurement of acetyl-CoA. 
Rather than p-nitroaniline, the use of AABS can be commended, 
since the latter saturates the enzyme at much lower concentra- 
tions. 


SUMMARY 


The acetyl transferase of pigeon liver was purified and ex- 
amined with respect to its specificity toward its substrates, the 
acetyl donor and the acetyl acceptor. For the acetyl donors, 
all acetanilide derivatives, the substrates giving the most rapid 
rates have strongly electronegative groups in the para position. 
For the acetyl acceptors, all aniline derivatives, the substrates 
most active have two para-substituted groups virtually neutral 
in electronegativity, except the case of the halogen atoms 
and the azo substituent. An electronic configuration of the 
substrates is discussed in relation to these findings. 
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The rate of reaction with the most active acetanilide deriva- 3. pr geeenly AND LipMANN, F., Arch. Biochem. Biophys, 

be 4. Jacopson, K. B., J. Biol. Chem., 236, 2713 (1960). 

as the donor. From a relatively constant ratio Of activity TOF 5. Bratron, A. C., anp Marsnatt, E. K., Jr., J. Biol. Chem. 

p-nitroacetanilide and acetyl coenzyme A, as well as a similar 128, 537 (1939). 

sensitivity to inhibitors, it is suggested that a single enzyme 6. Sraprman, E. R., in 8. P. Cotowick, anp N. O. Kapzay, 


utilizes both donors. 
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The absorption of B-carotene in the mammalian intestine and 
the pathway of its conversion to vitamin A have been subjects 
of investigation for over 30 years. Conclusions concerning the 


| mechanism of this conversion, and regarding factors which in- 


fluence 6-carotene absorption, have generally been drawn from 
the results of growth assays, liver storage tests, changes in the 
concentration of vitamin A in blood or lymph, and over-all 
nutritional balance studies (4, 5). Since results obtained with 
these methods are influenced by several physiological variables, 
eg. relative stability of the compounds under study, relative 
absorption rates, rate and control of transport, turnover, etc., 
a direct study of the absorption and cleavage by the rat intestine 
of B-carotene labeled with carbon 14 was undertaken. 

Radioactive 6-carotene has been employed in several other 
metabolic studies (6-9). Within a 24-hour period, 6-carotene 
was metabolized extensively, and appreciable amounts of radio- 


. activity appeared in the nonsaponifiable and acidic fractions as 


well as in liver vitamin A. Only a small portion, however, was 
oxidized to carbon dioxide. In these studies, the over-all me- 
tabolism of 6-carotene was examined, rather than the immediate 
chemical events which occur in the intestinal wall during 8-caro- 


tene cleavage. 


Recognition of the intestine as a major site for the conversion 


_ of B-carotene into vitamin A came from several quarters (10-14). 


In a thorough study of B-carotene cleavage by the intestine, 


_ Thompson et al. (13, 14) found that the rate of vitamin A forma- 
_ tion was influenced by the dispersion of 6-carotene, amount of 
 B-carotene present, time of incubation, and section of the in- 
 testine examined. In the present investigation, small physio- 


logical doses of 8-carotene were employed, and the rate of ab- 
sorption, requirement for bile salts, and formation of various 
products were examined in detail. 


EXPERIMENTAL PROCEDURE 


Preparation of Uniformly Labeled C'4-8-Carotene—Chlorella 
pyrenoidosa (No. 7516, American Type Culture Collection) was 
grown for 7 days in the presence of CO. with a specific activity 
of 3 to 5 mc per mmole (15). Washed cells were ground re- 
peatedly in a mortar with ethanol, ethanol-ether (1:1), and ether 
in the cold. The lipid extracts were combined, concentrated to 
a small volume, and left overnight in 10% KOH at room tem- 

* Preliminary reports of some aspects of this work have ap- 


peared (1-3). This investigation was supported by research grant 
A-1278 from the National Institute of Arthritis and Metabolic 


_ Diseases, United States Public Health Service. 


perature. The nonsaponifiable fraction was extracted with n- 
hexane. The hexane extract was thoroughly washed with 70% 
aqueous methanol and water, dried over anhydrous NaSO,, 
concentrated to 30 ml, and added to a chromatographic column 
containing 8 g of Woelm neutral Al.O3, grade 1. n-Hexane, 
with increasing amounts of acetone, was used as the eluant, 
and 5-ml fractions were collected. The @-carotene fractions 
were combined and rechromatographed on a similar alumina 
column (Fig. 1). Fractions 11 to 14 were pooled and stored in 
low actinic red glass (Pyrex brand chemical glass No. 7740) at 
—20°. 

This solution, called ‘Stock C'-@-carotene,’’ was used for all 
experiments unless otherwise indicated. About 15 ug of B-caro- 
tene, which contained roughly 10~‘ of the radioactivity initially 
added, was obtained from 90 to 100 mg of dry cells. Upon 
repeated crystallization of a portion of the radioactive 8-caro- 
tene preparation with pure nonradioactive 6-carotene, the spe- 
cific activity of the crystals did not change from the third through 
the seventh crystallization. The Stock C"-8-carotene solution 
was calculated to contain 71% of its radioactivity as B-carotene. 

Reagents and Solutions—Deactivated alumina was prepared 
by shaking 200-g batches of Merck reagent grade chromato- 
graphic Al.O; (71707) with 12 ml of water in 1 liter of hexane 
for 2 to 3 hours at room temperature. After filtration with 
suction, the alumina was spread in a thin layer, dried to a freely 
flowing condition with gentle raking, and immediately stored in 
a tightly closed bottle. Drying usually required less than 1 
hour, and overdrying resulted in too active an adsorbent. 

Precipitated MnO, was prepared by the method of Atten- 
burrow et al. (16). A period of 10 to 30 minutes at 100-120° 
was sufficient to activate the product satisfactorily. Overdrying 
yielded a dark inactive preparation. 

8-Carotene was solubilized with Tween 20 (polyoxyethylene 
sorbitan monolaurate) or with dog plasma. Stock C-6-caro- 
tene in hexane was diluted with crystalline carrier to a specific 
activity of 1000 c.p.m. per ug, and the hexane solution was 
passed through a column of 1 to 2 g of deactivated alumina just 
before the experiment. The hexane eluate was divided appro- 
priately for the experiment, each solution was evaporated to 
dryness under nitrogen at 50—60°, and the 6-carotene was dis- 
solved in 0.05 ml of acetone. When Tween suspénsions were 
employed, 0.05 ml of Tween 20 was mixed in well, and Krebs- 
Ringer bicarbonate solution (17) was added to give a volume of 
1 ml. Acetone had no deleterious effects in the concentration 
used. Other detergents (sodium glycocholate, cholate, or de- 
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Fic. 1. Chromatography of radioactive 8-carotene from Chlo- 
rella pyrenoidosa on Woelm alumina, grade 1. Above: Crude non- 
saponifiable extract eluted with 0 to 5% acetone in hexane. Be- 
low: Rechromatography of Fractions 12 to 25. 


oxycholate) were added to these suspensions when indicated. 
When plasma suspensions were used, the 6-carotene in acetone 
was added slowly with shaking to 1 ml of dog plasma, and the 
acetone was removed with nitrogen. 

8-Carotene, obtained from Eastman Kodak Company, was 
recrystallized from benzene-methanol solution. All organic sol- 
vents were distilled before use. Skellysolve B (Skelly Oil Com- 
pany, Eldorado, Texas), which is largely n-hexane, was distilled 
over solid KOH, reagent grade acetone over sodium sulfite plus 
sodium carbonate, and reagent grade ether over iron wire and 
FeSO,. Woelm neutral alumina, grade 1, was obtained from 
the Alupharm Chemical Company, Upton, New York, and 
BaCO; from Oak Ridge National Laboratory. Other chemicals 
were reagent grade commercial products. 

General Experimental Procedure—Fasted (2 to 6 hours) white 
rats (Rolfsmeyer Farm, Madison, Wisconsin) weighing 150 to 
400 g were anaesthetized with ether, and the peritoneal cavity 
was opened by a ventral midline incision. An intestinal loop 
was formed by ligating the pylorus and mid-jejunum. After 
the injection of 1 ml of 8-carotene suspension into the loop, the 
incision was closed with small wound clips, and the animal was 
returned to its cage. At the end of the experimental period 
(usually 60 minutes), the rat was reanaesthetized with ether, 
the intestinal loop was removed, rinsed twice in isotonic saline, 
and cut open longitudinally. The intestine was carefully rinsed 
three times with warm saline. When desired, the liver was re- 
moved and rinsed in saline. 

Tissues were homogenized in a small Waring Blendor for 1 to 
2 minutes in 100 ml of hexane-ethanol (3:1) containing 350 ug 
of B-carotene, 350 wg of vitamin A alcohol, 350 ug of retinene, 
and 1000. wg of vitamin A palmitate. Chloroform-methanol 
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(2:1) gave similar results when employed as the extracting sol- 
vent. The mixture was filtered with suction, the filtrate was 
washed with 20 ml of 2% CaCl. (18), and the solution was cen- 
trifuged. The hexane layer was evaporated to a small volume 
in a rotary evaporator at 50° under reduced pressure, and an 
aliquot was counted for radioactivity. On occasion, the aqueous 
phase was extracted with ether before and after acidification, 
and aliquots of the ether extracts were counted. 
Chromatography of Lipid Extracts—The clear concentrated 
hexane extract was chromatographed on a 1- X 15-cm column 
of 10 g of deactivated alumina, and 5- or 10-ml fractions were 
collected. The order of elution and the volume of eluant re- 
quired for complete removal of a fraction are as follows: B-caro- 
tene (80 ml of hexane), vitamin A ester (an additional 80 ml of 
hexane), retinene (50 to 60 ml of 1 to 2% acetone in hexane), 
vitamin A alcohol (60 to 80 ml of 3 to 5% acetone), and the 
terminal polar fraction (20 ml of acetone). Complete separation 


of all components occurred when the total amount of lipid pres- | 


ent was small. When #-carotene and vitamin A ester did over- | 
lap, separation was achieved by rechromatography on a fresh 
alumina column. 

Further characterization of individual fractions was carried 
out by use of the same basic chromatographic method. The 
pooled vitamin A ester fractions were concentrated under nitro- 
gen, saponified at 60° for 1 hour with 30% KOH in 90% meth- 
anol, extracted repeatedly with hexane, and the resultant vita- 
min A alcohol was chromatographed. Pooled vitamin A alcohol 
fractions were evaporated and dissolved in 5 ml of hexane.  Vita- 
min A carrier (1 to 3 mg) and activated MnO: (7 to 20 mg) were 
added, and the mixture was shaken for 3 hours in the dark (19). 


After filtration of the solution, the retinene formed was chro- 
matographed. Pooled retinene fractions were evaporated and © 
dissolved in 3 ml of 90% ethanol containing 15 mg of semi- 
carbazide hydrochloride and 22 ml of sodium acetate. After 
warming briefly, the solution was left for 30 minutes at room 
temperature and extracted with hexane. The extract was chro- 
matographed, retinene being eluted with 2% acetone and the 
semicarbazones with 12° acetone. Two semicarbazone peaks, 
probably the syn and anti isomers, were often observed. The 
yield in ester saponification and alcohol oxidation was high 
(>80%), and in semicarbazone formation was satisfactory 
(>60%). 

The identification and quantitative analysis of compounds in | 
column fractions were carried out in several ways: visible and | 
ultraviolet spectra were run in a Perkin-Elmer recording Spectra- 
cord 4000; peak wave lengths in hexane (8-carotene, 450 mp; : 
vitamin A and its ester, 328 my; retinene, 365 my; retinene semi- — 
carbazone, 387 mu) were measured in a Beckman DU spectro- | 
photometer; and the Carr-Price reaction was employed. Radio- 
activity in whole samples or aliquots of column fractions was 
measured on 14-inch aluminum planchets in a gas flow window: | 
less counter with Geiger operation. 

B-Carotene is slowly oxidized during extraction and isolation 
procedures to compounds which contaminate all the initial chro 
matographic fractions. The ester fraction is least contaminated, 
the retinene fraction more so, and the vitamin A fraction cot 
tains appreciable amounts of a yellow, Carr-Price-reactive B- 
carotene artifact, which has previously been described (14, 20). 
Upon further chromatography, however, retinene derived from 
the vitamin A alcohol fraction is freed from this contaminant. 
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The terminal polar fraction contains small amounts of artifacts 
which increase greatly when extracts are allowed to stand for 
several days, or are exposed to bright sunlight. 

For most studies, the radioactivity in the ester fraction from 
the initial chromatographic column was accepted as an adequate 
measure of vitamin A formation. When more exact characteri- 
zation was desired, the full set, or a satisfactory part, of the trans- 
formations from vitamin A ester to retinene semicarbazone was 
employed. When radioactive vitamin A was present, the spe- 
cific activities of subsequent derivatives agreed well. In no case 
was the appearance of a radioactive peak in a single chromato- 
graphic separation accepted as unambiguous evidence for the 
formation of the compound normally appearing there. 

In preliminary studies, the appearance of radioactive vitamin 
A in the liver was employed as a rough measure of vitamin A 
formation. Livers were saponified under nitrogen with 20% 
KOH in methanol in the presence of carrier 8-carotene and vita- 
min A, the nonsaponifiable fraction was extracted with hexane, 
and the extract was chromatographed on alumina. Vitamin A 
generally accounted for over 80% of the total radioactivity pres- 
ent (Table I). 


RESULTS 


Preliminary Studies on B-Carotene Administration—In study- 
ing B-carotene cleavage in pigs and rats, Thompson e¢ al. (13) 
observed an almost complete inhibition of the reaction when the 
anaesthetics, nembutal or cyclopropane, were employed. In our 
early experiments, C'*-G-carotene in Tween 20 was given by 
stomach tube to rats, and the amount of radioactive vitamin A 
in the liver was measured after 2 to 4 hours. When ether was 
employed as an anaesthetic for 10 minutes during dosage, or for 
the entire experimental period, the conversion rate was depressed 
by less than one-third. Hence, ether was employed during all 
subsequent surgical procedures. Since 8-carotene is not con- 
verted into vitamin A in the stomach (13), it was clear that direct 
injection of B-carotene into the duodenum would be preferable 
to feeding by stomach tube. Table I shows that the liver storage 
of radioactive vitamin A was roughly the same with both methods 
of administration; hence, intraduodenal injection was used for 
all further experiments. The effect of the suspending medium 
on vitamin A ester formation from #-carotene in the intestine 
wall was also examined: (Table Il). The non-ionic Tween sus- 
pensions were somewhat better than plasma dispersions, and 
much better than the ionic detergents, sodium lauryl sulfate and 
sodium dodecylammonium chloride. In the latter two cases, 
adverse macroscopic changes in the intestinal mucosa were noted. 
The amount of vitamin A ester formed was unaffected, however, 
by relatively large changes in the Tween 20 concentration. In 
general, solutions of 6-carotene dispersed in 5% Tween 20 were 
employed for subsequent work. 

Rate of B-Carotene Uptake and Cleavage—The disappearance of 
B-carotene from the intestinal lumen, and the appearance of 
radioactive compounds in the intestinal wall and liver, were 
followed over a 5-hour period after the intraduodenal administra- 
tion of a small dose (8 wg) of B-carotene. Typical results are 
given in Fig. 2. 6-Carotene disappearance from the lumen 
roughly followed first order kinetics, with a first order constant 
of about 0.83 hour-!. Total radioactivity in the intestinal mu- 
cosa came to a peak at 1 hour and then decreased, whereas radio- 
activity in the liver was detectable in 1 hour, and reached a 
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TABLE I 


Effect of method of administration of C'4-B-carotene on amount of 
radioactive B-carotene and vitamin A deposited in liver 


‘Dose of | 
cu i Liv 

| tene | A 

| ug | min 
Stomach tube....... 1 3.5 130 | 0.01 0.21 
Stomach tube....... 1 10 — 240 | 0.06 0.45 
Stomach tube....... 1 50 0.08 0.61 
Duodenal injection... 3 10 | 180 | 0.11-0.14 | 0.38-0.57 
Duodenal injection... 3 7 240 | 0.02-0.05  0.17-0.40 

TABLE II 


Effect of suspending medium on vitamin A ester formation 

8-Carotene (8000 c.p.m. in 20 wg) was injected into ligated in- 
testinal loops in situ in 1 ml of the indicated medium. The ex- 
perimental period was 70 minutes. 


ME 

II-25 5% Tween 20 2 1.05, 1.06 
Dog plasma 2 0.69, 0.88 
I1-24 5% Tween 20 2 1.06, 1.94 
5% Sodium lauryl! sulfate 2 0.15, 0.23 
5% Dodecylamine chloride 2 0.08, 0.22 

II-27 0.05% Tween 20 1 0.66 

0.25% Tween 20 1 0.54 

1.0% Tween 20 1 0.54 

5.0% Tween 20 1 0.74 


maximal level in 3 to 5 hours. No vitamin A derivatives were 
found in the lumen. 

The distribution of radioactive compounds in the intestine and 
liver at various times is given in Fig. 3. The amount of 6-caro- 
tene actually within the intestinal mucosa was difficult to assess. 
Large and variable quantities of 8-carotene were adsorbed on 
the mucosal surface, even in zero time controls or in preparations 
poisoned with cyanide. Extensive washing in saline or in aque- 
ous Tween 20 suspensions of nonradioactive 8-carotene did not 
diminish the contamination. Similar difficulties were experi- 
enced by Thompson (14). After correction for zero time ab- 
sorption, however, the calculated amount of intracellular B-caro- 
tene was small. In other similar experiments, considerably less 
B-carotene was found in the intestinal wall of both control and 
experimental animals. It seems, therefore, that the intracellu- 
lar B-carotene concentration during absorption is generally low. 
In contrast, the vitamin A ester content of the intestinal mucosa 
rose linearly to a maximum at 1 hour, and then decreased pro- 
gressively to a low value at 5 hours. Retinene and vitamin A 
alcohol concentrations also came to a peak at 1 hour, but were 
much lower than the ester at all times. The terminal polar 
fraction contained negligible radioactivity. 

In the liver, C'4-6-carotene was most abundant at 2 hours and 
then decreased. Vitamin A ester predominated at all times, and 
reached a maximal level at 3 to 5 hours. Vitamin A alcohol 
contained appreciable radioactivity, in contrast to the vitamin 
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Fic. 2. Radioactivity in the intestinal lumen, intestinal wall, 
and liver at various times after the intraduodenal injection of 
C'4.8-carotene (Experiment 109). 6-Carotene (10,000 c.p.m. in 
8 wg), suspended in 1 ml of Krebs-Ringer bicarbonate solution 
containing 5% Tween 20 and 0.4% sodium glycocholate, was in- 
jected into a ligated intestinal loop of each rat in a group of six. 
After given periods, the animals were anaesthetized, and the in- 
testines and livers were removed. The intestinal contents were 
collected by extensive washing with saline. The intestinal con- 
tents, intestinal wall, and liver were homogenized in hexane- 
ethanol (3:1) as described under ‘‘Experimental Procedure.”’ 
Total radioactivity in each extract is indicated by the following 
symbols: O, intestinal contents; 0, intestinal wall and mucosa; 
A, liver. The line representing the intestinal contents is the 
theoretical first order disappearance curve (k = 0.83 hour). 
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Fig. 3. Distribution of radioactivity in chromatographic frac- 
tions of the intestinal mucosa and liver at various times after the 
intraduodenal injection of 8 ug of C'4-8-carotene (Experiment 
109). The fractions analyzed were: O, 8-carotene; 0, vitamin A 
ester; A, retinene; X, vitamin A alcohol; @, terminal polar frac- 
tion. 
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A alcohol fraction of the intestine which was practically unla. 
beled. Retinene and the terminal polar fraction of liver were 
nearly devoid of radioactivity at all times. 

Vitamin A ester contained 81 to 98% and 74 to 78% of the 
total radioactivity in vitamin A derivatives of the intestine and 
liver, respectively. In view of the high percentage of ester pres- 
ent in the intestine and the absence of appreciable contamination 
of this fraction by 8-carotene artifacts, the amount of ester 
formed in 1 hour by the intestine was employed in routine ex. 
periments as a relative measure of B-carotene cleavage. 

Distribution of Products in Cell Fractions—When intestinal] 
homogenates were prepared in buffered isotonic saline by mild 
treatment in a Waring Blendor, with a Potter-Elvehjem glass 
homogenizer, or by grinding in a mortar with sand or powdered 
glass, three fractions were obtained upon centrifugation at 
15,000 X g: a small lipid layer at the surface, the supernatant 
solution, and a voluminous lipid-rich residue. Nearly all the 
radioactivity of intestines incubated with B-carotene for 60 min- ( 
utes was present in the residue (Table III). When vigorous 
homogenization in a Waring Blendor was used, however, ex- 
tensive foaming occurred and a large portion of the insoluble 
residue accumulated at the surface upon centrifugation. Under 
these conditions, the voluminous surface layer contained most 
of the radioactivity (Table III). The distribution of radioac- © 
tivity in the three fractions was unaffected by the incubation 
time. 

Influence of B-Carotene Dose—In the present study, small doses — 
of B-carotene (5 to 40 ug) were employed in order that the per- 
centage converted to vitamin A would be optimal, and that the 
contamination of fractions with oxidized 8-carotene artifacts 
would be small. In other studies (13, 14) in which massive doses 
(1 to 5 mg) of 8-carotene in arachis oil were employed, greater yj 
amounts of vitamin A formed. The manner in which the dosage © 
influenced the rate of cleavage was therefore studied. Typical Vig 
results are given in Fig. 4. At low doses of 8-carotene, the for- © 
mation of vitamin A ester is linear with dosage to about 50 to 80 
ug of B-carotene. At higher doses, ester formation continued to _ 
increase with the amount of 8-carotene injected, but with a) 
greatly reduced slope. 

Bile Requirements—The conversion of 8-carotene suspended in oe 
Tween 20 into vitamin A ester in washed ligated intestinal loops | 
of bile duct-ligated animals proceeds only in the presence of bile 
or bile acids. Some typical results are given in Table IV.} 
Glycocholate and rat bile were most. effective in stimulating ester | 
formation; sodium cholate was somewhat less effective, and 
deoxycholate was very poor. In the latter case, gross destruction | 
of the mucosa was apparent. Tween 20 was not required when — 
satisfactory dispersions of 8-carotene in bile or glycocholate were — 
prepared. The addition of an extract of gastric mucosa to the 
B-carotene suspension did not influence ester formation, nor did 
exclusion of pancreatic juice by ligation of the common bile | 
duct near the duodenum reduce the conversion obtained by the _ 
addition of glycocholate. 

Intestinal Segments Involved in Vitamin A Formation—In 4 
careful study of the vitamin A content of various sections of 
intestine from deficient rats after a large dose of f-carotene, 


Thompson et al. (13, 14) found that the upper quarter of the 
small intestine contained considerable amounts of vitamin A; 
the upper middle quarter had the highest content, and the last 
half of the intestine had very little. Our results with radioactive 


B-carotene suspended in Tween 20 indicate that the first third 
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of the intestine was most active, the middle third was somewhat 
less active, and the last third was very poor in forming vitamin 
A (Table V). When glycocholate was included in the suspen- 
sion, more B-carotene was converted to vitamin A ester in all 
sections of the intestine. 

Balance Studies—The recovery of radioactivity in the lipid 
extract of the intestine was rarely higher than 80%, even in 
control experiments. In addition, lipid extracts from experi- 
mental animals contained about 20% less radioactivity than the 
controls in experiments of 1 hour duration, which indicated that 
some material was either transported out of the intestine or was 
metabolized to compounds not extracted by hexane-methanol or 
chloroform-methanol. Differences between experimental and 
control analyses were most evident in the 8-carotene and vita- 
min A ester fractions. In the cited experiment (Table VI), the 
experimental column, compared to the control, had 1.8 ug more 
vitamin A ester, 4.3 ug less B-carotene, and little or no retinene 
or vitamin A alcohol. In other experiments, the results were 
similar; namely, that the increase in vitamin A derivatives 
(mainly ester) amounted to 40 to 50% of the decrease in B- 
carotene, when calculations were based on the radioactivity in 
alumina column fractions. 


TABLE III 


Distribution of radioactivity in fractions of intestinal homogenates 
after administration of 5 ug of B-carotene 


No. in- 
ae “rm Time | Surface layer Aqueous solution Residue 
ments 
min wg radioactivity 
Mild 4 60 0-0.03 0.01-0.03 0. 18-0. 54 
Vigorous 6 0 0.004 0 0 
35 0.28 0.002 0.01 
60 0.32 0.002 0.02 
90 0.26 0.001 0.01 
130 0.23 0 0.02 
300 0.17 0.001 0.01 
Q O 
: | 
~ 
2 
NX 
S 
200 400 600 
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Fie. 4. The effect of the amount of B-carotene injected intra- 
duodenally on vitamin A ester formation in the intestinal mucosa 
in 8 60-minute period. 
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TaBLe IV 

Effect of bile and bile acids on vitamin A ester formation in bile 
duct-ligated rats 

B-Carotene (10,000 c.p.m. in 10 ug) was injected intraduodenally 
in 1 ml of the indicated suspension. Experimental period, 60 


minutes. 
Experiment No. Suspension 
ug 
II-38 Rat bile 0.68 
5% Glycocholate + 5% Tween 20 0.66 
Rat bile + 5% Tween 20 0.57 
5% Tween 0.04 
II-104 5% Glycocholate + 5% Tween 20 0.74 
5% Cholate + 5% Tween 20 0.65 
5% Deoxycholate + 5% Tween 20 0.03 
5% Tween 0.08 


TABLE V 
Vitamin A ester formation in various sections of rat intestine 


Rats of 250 to 350 g were used. §$-Carotene (10,000 ¢.p.m. in 
10 ug), suspended in 1 ml of 5% Tween 20 + 5% sodium glyco- 
cholate, was injected into each of three ligated intestinal sections 
of roughly equal length. Animals were killed at 60 minutes, the 
intestinal sections were rinsed out and weighed, and the extracts 
were analyzed for vitamin A ester by given methods. Values for 
each animal are grouped vertically. 


Suspension pin mg Pte. of Vitamin A ester formed 

ug radioactivity/g wet intestine 

5% Tween 20 Upper 4 0.12, 0.22, 0.34, 0.46 

Middle 0.12, 0.04, 0.22, 0.58 

Lower 0.01, 0.01, 0.02, 0.06 
5% Tween + 5% | Upper 3 0.37, 0.80, 1.37 
glycocholate Middle 0.27, 0.50, 0.62 
Lower 0.07, 0.06, 0.23 


Acidic fractions obtained from the methanol-water phase after 
chloroform-methanol extraction contained only 10 to 20% of the 
radioactivity in vitamin A ester, and ether extracts of acidified 
aqueous solutions of saponified intestine after exhaustive alkaline 
extraction of the nonsaponifiable fraction had less than 10% of 
the radioactivity in vitamin A ester. Small amounts of acidic 
products were also formed during the uptake and esterification 
of C'*-vitamin A alcohol by rat intestine under similar experi- 
mental conditions.! 

Inhibition of Vitamin A Ester Formation—When 2 mg of vita- 
min A or retinene were included in the 8-carotene suspension, 
the formation of vitamin A ester was greatly depressed (Table 
VII). No other noteworthy effects were observed. The amount 
of radioactivity was not higher in the retinene fraction when 
retinene was added, nor in vitamin A when carrier vitamin A 
was present. Other efforts were made to trap possible aldehyde 
intermediates by including semicarbazide in the §-carotene sus- 
pension. Throughout a range of initial semicarbazide concen- 
trations from 0 to 0.12 m, however, radioactivity in the total 


1]. Djafar, and J. A. Olson, unpublished observations. 
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TaBLe VI 

Recovery of B-carotene and products from rat intestinal loops in situ 

8-Carotene (37,600 c.p.m. in 23.5 wg), suspended in 1 ml of 5% 
Tween 20 + 5% glycocholate, was injected into a washed ligated 
loop of rat intestine in situ. The control experiment was similar 
except that the bile duct was ligated and no glycocholate was 
included in the 6-carotene suspension. Experimental period, 60 
minutes. The lumen contents and the wall were analyzed to- 
gether. 


Fraction | Experimental Control Difference 
ug radioactivity 
14.3 18.5 —4.2 
| 1.3 15.6 —4.3 
Vitamin A ester......... | 2.0 | 0.2 +1.8 
Vitamin A alcohol....... 0.5 | 0.4 +0.1 
0.1 0.2 —0.1 


TaBLe VII 
Effect of vitamin A and retinene on cleavage of C!4-B-carotene into 
vitamin A ester 
8-Carotene (16,000 ¢.p.m. in 20 wg), suspended in 1 ml of 5% 
Tween 20, together with 2 mg of the indicated compound was 
injected into ligated loops of rat intestine. Experimental pe- 
riod, 60 minutes. 


Alumina column fractions 
Lipid 
Addition extract | 
- Vitamin Re- — M 
A | tinene Vitamin A 
ug radioactivity 
MS iris as 2.50 | 0.52 | 1.02 | 0.15 pooled 
acer 2.20 | 0.45 | 1.07 | 0.09 pooled 
Vitamin A..... 1.06 0.70 | 0.08 | 0.08 | 0.02 0.05 
Vitamin A..... 1.83 1.18 0.19 | 0.17 | 0.05 0.07 
Retinene....... 1.04 | 0.51 | 0.04 | 0.05 | 0.01 0.03 
Retinine......| 0.94 0.41 0.11 0.07 | 0.01 0.02 


lipid extracts, as well as the distribution of Cin chromatographic 
fractions, was unaffected. 


DISCUSSION 


The initial phases of this investigation were severely hampered 
by the difficulty of isolating 6-carotene and derivatives of vitamin 
A without losses by oxidation. In many experiments, 10 to 20% 
of the C4-8-carotene added was oxidized to compounds which 
contaminated all the other chromatographic fractions, particu- 
larly the vitamin A alcohol fraction. When the dose of 8-caro- 
tene was large compared to the amount of vitamin A formed, 
these artifacts often completely obscured the metabolic products. 
In order that vitamin A formation might be satisfactorily deter- 
mined, several precautions were employed: (a) chromatographic 
purification of the C'-8-carotene just before use, (b) selection 
of experimental conditions which gave the highest percentage of 
conversion into vitamin A, (c) removal of 6-carotene from the 
intestinal lumen before analyzing the intestinal wall, (d) addi- 
tion of relatively large amounts of carrier B-carotene, vitamin A 
ester and alcohol, and retinene immediately after the experi- 
mental period, (e) careful chromatography of the lipid extract 
without saponification, and (f) further characterization of each 


of the vitamin A derivatives. Under these conditions, as little 
as 0.05 ug of vitamin A ester could be isolated free from contami- 
nants and unambiguously characterized. 

The uptake of small doses of 8-carotene from the intestinal 
lumen roughly follows first order kinetics (k = 0.83 hour), 
The concentration of vitamin A derivatives in the intestinal wal] 
rose to a Maximum at 1 hour and then decreased, whereas radio- 
activity in the liver was detectable in 1 hour, but reached a maxi- 
mum in 3 to 5 hours. These kinetic relationships are charac- 
teristic of a sequence of consecutive reactions. Quantitative 
analysis of the system in reference to simple kinetic models was 
unwarranted, however, in view of the poor recovery of radio- 
activity during the experimental period. Nevertheless, the ob- 
served rise and fall of vitamin A derivatives in the mucosa is 
explicable in kinetic terms, and the uptake of 8-carotene from 
the lumen is probably not subject to feedback control by the 
intracellular concentration of vitamin A ester. 

In the presence of adequate amounts of bile salts and with 
the concentrations of 8-carotene employed, the uptake of 6-caro- 
tene seemed to be the rate-limiting step in the over-all reaction. 
Several observations support this statement: (a) the amount of 
B-carotene in the intestinal wall was small compared to the 
amount of vitamin A ester present, particularly when correction 
was made for nonspecific B-carotene adsorption; (6) possible 
intermediates, including retinene and vitamin A, did not accumu- 
late in appreciable amounts during the conversion reaction; and 
(c) the uptake of vitamin A from the lumen and its esterification 
were rapid compared to 8-carotene uptake and cleavage.! 

Under other conditions, the lack of conjugated bile salts might 
further limit the rate of B-carotene uptake. The requirement for 
bile in the over-all conversion of 6-carotene into a biologically 


active vitamin is well known (5, 14, 21). Since arachis oil, ; 
cottonseed oil, or ethyl laurate was used as a vehicle for B-caro- | 
tene administration in previous work, the action of bile as a gen- | 
eral emulsifying agent was not differentiated from any more | 


specific function which it might have. In the present investiga- 
tion, the non-ionic detergent, Tween 20, was employed to solu- 


bilize B-carotene. Rats tolerate orally administered Tween solu- [ 
tions well (22), and intravenously injected B-carotene dispersed { 


in Tween effectively stimulates growth in vitamin A-deficient 
rats (23). Since bile or sodium glycocholate, with or without 
Tween 20, is required for 8-carotene utilization in the absence 
of other dietary lipid, it is evident that the conjugated bile salts 
do not act solely as general emulsifying agents, but also function 


in a more specific manner. A similar effect of bile salts in stimu- } 
lating the absorption of cholesterol (24) and palmitic acid (25) 
has been observed. In all cases, the structure and conjugation 


of the bile acid greatly influenced its activity (3, 24-26). Daw- 
son and I[sselbacher (25) have also made the interesting observa- 
tion that the incorporation of C'-glucose into triglyceride glyc- 
erol by everted intestinal sections in vitro is greatly enhanced by 
taurocholate, and they have suggested that bile salts may stimv- 
late intramucosal lipid metabolism. In the present case, how- 
ever, it seems likely that bile salts enhance primarily 8-carotene 
absorption rather than intracellular processes leading to vitamin 
A ester formation. Evidence supporting this suggestion is that: 
(a) the total amount of 8-carotene (adsorbed and intracellular) 
of the intestinal wall is smaller when glycocholate or bile is ab- 
sent; if bile salts preferentially stimulated intracellular vitamin 
A ester formation from B-carotene, their absence might rather 
lead to an accumulation of B-carotene in the wall; and (0) vits- 
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min A uptake and esterification, and retinene absorption and 
conversion to vitamin A ester, proceed well in the absence of bile 
salts (3, 21). 

The requirement for bile acids is also reflected in the relative 
effect of added glycocholate on vitamin A formation in various 
sections of the small intestine. Although vitamin A formation 
in the lower third of the small intestine was slow, glycocholate 
had a relatively greater stimulatory effect there than in the upper 
intestine (Table V). Since conjugated bile acids are well ab- 
sorbed by the upper regions of the intestine, and are not exten- 
sively hydrolyzed or reduced until they enter the cecum (27), 
the conversion of 6-carotene into vitamin A in the lower region 
of the small intestine is probably limited by a low concentration 
of conjugated bile salts, as well as by the poor ability of the 
mucosal cells to catalyze the reaction. 

The major derivative of vitamin A which is formed from #- 
carotene in the intestine is the ester. Thompson (13) initially 
reported that vitamin A ester and alcohol were present in roughly 
equal amounts, and later, with improved methods, found that 
75% was present as the ester (14). In the present work with 
small doses of 8-carotene, 81 to 98% of the total vitamin A is 
found in the esterified form, with only traces in retinene and vita- 
min Aaleohol. Vitamin A was not found in the intestinal lumen 
in any form, in confirmation of Thompson’s work (14), although 
the vitamin A alcohol and retinene fractions from alumina col- 
umns were contaminated with appreciable quantities of oxidized 
8-carotene artifacts. Upon homogenization of the mucosal 
cells, 8-carotene and vitamin A are associated almost exclusively 
with the lipid-rich insoluble residue. No attempt was made to 
characterize further the nature of this association. It is interest- 
ing, however, to note that liver vitamin A is found largely in the 
supernatant solution (28, 29) or in the flotated “‘creamy layer” 
(30), rather than in particulate fractions or in cellular debris. 

Nutritional studies with rats have shown that full longevity is 
attained with daily doses of about 3 wg per 100 g of rat (31). 
If the demand for vitamin A is constant and continuous, a 200-g 
rat would require 0.25 wg of vitamin A in a 1-hour period. In 
most of the experiments carried out at low (5 to 20 ug) B-caro- 
tene doses, 0.3 to 1.2 wg were formed per hour, but at higher 


dosages of B-carotene, conversion rates as high as 5 wg per hour ~ 
5. 8-Carotene absorption, even in the presence of bile, is con- 


were observed. Thompson reported conversion rates of 20 ug 
per hour under favorable conditions (14). It is evident, there- 
fore, that the intestine has the capability of cleaving B-carotene 
to vitamin A at a rate 10 to 20 times that required for maximal 
longevity. At low doses of B-carotene, however, the actual rate 
of conversion may be similar to the required rate. 

Although many attempts have been made to define the mecha- 
nism of 6-carotene cleavage into vitamin A, little direct informa- 
tion has been gained. The two hypotheses which have been 
most considered are a central cleavage of 8-carotene to yield two 
molecules of vitamin A (32), and a stepwise breakdown of B-caro- 
tene by B-oxidation to give one molecule of vitamin A (33). In 
the former case, one would expect that the increase in radio- 
activity in vitamin A ester would be equivalent to the C"4-6- 
carotene disappearing, and that no other products, other than 
traces of intermediates, would form. In the latter case, the 
yield of vitamin A would be only 50% and an equal amount of 
other products, particularly acidic products, would be found. 
Although the recovery of radioactivity from the intestine of in- 
tact animals was never high enough to allow an unambiguous 
interpretation of the data, the present results favor the central 
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Fic. 5. A postulated scheme for vitamin A formation from B- 
carotene. R—CH = CH—R represents 6-carotene; RCHO, vita- 
min A aldehyde; R’CO—CoA, a fatty acyl coenzyme A derivative; 
LP, a lipoprotein containing vitamin A ester. 


cleavage hypothesis as the major pathway of vitamin A forma- 
tion. Firstly, in balance experiments, the increase in vitamin 
A ester was 40 to 50% of the 6-carotene disappearing, when 
yields were calculated on the basis of differences in alumina col- 
umn fractions. Since any material transported into the lymph 
from an intestinal loop was probably in the form of vitamin A 
ester (14), however, the reported yield is a minimal rather than 
a maximal value. Secondly, appreciable quantities of other ra- 
dioactive products, nonpolar or acidic, did not accumulate. Al- 
though it is possible that small fragments formed during B-caro- 
tene cleavage might be rapidly transported from the intestine, 
one might expect as well that these small compounds would be 
readily oxidized to carbon dioxide. Yet, very little CO: is 
formed from #-carotene in a 24-hour period (6, 7, 9). Since 
vitamin A is also metabolized in the intestine to a small amount 
of acidic products,! the acidic fraction which appears during 
B-carotene cleavage may well arise from further oxidation of 
vitamin A and not from the direct cleavage reaction. 

A postulated scheme for vitamin A formation is given in Fig. 


sidered to be a rate-limiting process. The steps leading to the 
formation of retinene have not been demonstrated, but in most 
cases analogous enzymatic reactions are known. The DPN- 
dependent reduction of retinene to vitamin A alcohol, and the 
esterification of the latter, have been studied in some detail. 
Coenzyme A may not be requisite for vitamin A esterification, 
however, in all cases (34). Finally, the formation of a lipopro- 
tein containing vitamin A ester and its transport into the lymph 
would complete the role of the intestine in this process. In view 
of the accumulation of vitamin A ester in the intestinal wall, the 
transport step is also considered to be a relatively slow process. 


SUMMARY 


1. Uniformly labeled C"*-6-carotene of high specific activity 
was prepared by growing Chlorella pyrenoidosa on C“O2. Meth- 
ods are described for the separation of 8-carotene, vitamin A 
ester, retinene, and vitamin A alcohol on alumina, and for the 
subsequent characterization of vitamin A derivatives. 

2. The formation of vitamin A from £-carotene in the rat 
proceeded well during ether anaesthesia, when 6-carotene was 
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administered by intraduodenal injection or by stomach tube, 
and when varying concentrations of Tween 20 or dog plasma 
were used as dispersing agents. Practically no vitamin A was 
formed when $-carotene was suspended in sodium laury] sulfate 
or dodecylamine chloride. 

3. 6-Carotene was converted into vitamin A ester in the intes- 
tinal wall. Small amounts of retinene, vitamin A alcohol, and 
acidic compounds also formed. When small doses of B-carotene 
were employed, the concentration of radioactive vitamin A ester 
was maximal in the intestine about 60 minutes after dosage, and 
radioactivity, mainly as vitamin A ester, appeared subsequently 
in the liver. In the intestine, 8-carotene and the vitamin A de- 
rivatives were associated with the insoluble residue of homog- 
enates. 

4. Vitamin A ester formation from 8-carotene increased lin- 
early with the amount of 8-carotene present at low dosages (0 
to 80 wg) but was less dependent at higher dosages (0.1 to 0.6 
mg). The maximal observed rate-.of ester formation in the intes- 
tinal wall of the rat was 10 to 20 times that required for optimal 
life maintenance. 

5. The formation of vitamin A ester in the intestinal wall from 
well dispersed solutions of 6-carotene in Tween 20 occurred only 
in the presence of bile. Glycocholate fully substituted for bile, 
cholate was somewhat less effective, and deoxycholate was in- 
active. 

6. The upper two-thirds of the small intestine formed vitamin 
A ester well, but the lower third was much less active. The addi- 
tion of glycocholate to 8-carotene suspensions stimulated vitamin 
A formation in all portions of the intestine. 

7. Retinene and vitamin A inhibited the over-all conversion 
of B-carotene into vitamin A ester, whereas semicarbazide had 
no effect. 

8. The possible role of bile in 8-carotene uptake and the mech- 
anism of 8-carotene cleavage are discussed. 
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In a recent paper concerned with a study of the mechanism 
of t-xylulose formation from t-gulonic acid (1), a partially puri- 
fied enzyme, L-gulonic acid (diphosphopyridine nucleotide) de- 
hydrogenase, was described which catalyzed the reaction shown 
in Equation 1. : 


COOH COOH 
CH.:0H 
HOCH DPN =O = 
HCoH “DPNH HCOH 
HOCH HOCH HOCH 
(HOH bH.OH buon 
t-Gulonic 8-Keto-L-gu- L-Xylulose 
acid lonic acid 


Although a considerable body of presumptive evidence was 
presented for the participation of 6-keto-L-gulonic acid as the 
intermediate in this reaction, an unequivocal identification was 
not achieved because of the low yield and the instability of the 
compound. However, during the course of subsequent studies 
on L-idonic acid metabolism, it became apparent that the same 
DPN-linked dehydrogenase responsible for t-gulonic acid me- 
tabolism was also catalytically active with all the hexonic, pen- 
tonic, and tetronic acids in which the hydroxyl group of the 
8-carbon atom was oriented in the levo configuration (2). 

As a result of these findings, a reinvestigation of the properties 
of the dehydrogenase was undertaken which lead to the prep- 
aration of a highly purified and stable enzyme and, ultimately, 
to the successful isolation and identification of 6B-keto-L-gulonic 
acid. A similar specificity was encountered in a study of the 
reverse reaction with two naturally occurring #-keto acids, 
whereby 2-keto-L-gulonate and L(+)-8-hydroxybutyrate were 
identified as the unique products of the enzymatic reduction of 
diketo-L-gulonate and acetoacetate, respectively. In view of the 
apparently rigorous stereospecificity of this enzyme for the levo 
configuration of the 6-carbon hydroxyl group and the broad 
specificity with regard to other parameters of the substrate 
molecule, it is proposed that the designation of this enzyme be 
changed from t-gulonic acid (DPN) dehydrogenase to 
hydroxy acid dehydrogenase. 

* Present address, Department of Internal Medicine, South- 
western Medical School, Dallas, Texas. 


The present paper is concerned with the presentation of a 
detailed study of the purification and properties of this enzyme, 
as well as with documentation of the above described reactions. 

EXPERIMENTAL PROCEDURE 
Materials 

L-Idonic acid was prepared by the borohydride reduction (3) 
of 5-keto-p-gluconic acid (kindly provided by Chas. Pfizer and 
Company, Inc.) and isolated in pure form from the resulting 
epimeric mixture (4). u-Gulonic and t-galactonic acids were 
prepared by the borohydride reduction of p-glucuronic and p- 
galacturonic acids (3). u-Gulonic acid-1-C“ was synthesized 
by the cyanohydrin condensation of KC“N and L-xylose (5). 
L-Ribonic acid was prepared by pyridine epimerization of L- 
arabonic acid (6) and L-threonic acid by the KMnO, oxidation 
of t-ascorbic acid (7). v-Talonic, L-altronic, and Lt-mannonic 
acids were generous gifts of Dr. Nelson Richtmyer. Various 
other aldonic acids were prepared by bromine oxidation of the 
corresponding aldoses (8). 

L(+)-8-Hydroxybutyric acid was resolved from the commer- 
cially available racemic acid as the crystalline quinine salt (9) 
and converted to the free acid by removal of the quinine with 
Dowex 50 (H*). Sodium p(—)-8-hydroxybutyrate and sodium 
acetoacetate were generous gifts from Dr. Sidney Chernick of 
this institute. 2,3-Diketo-L-gulonic acid was prepared by 
hypoiodite oxidation of L-ascorbic acid (10, 11), isolated as the 
crystalline barium salt and stored at —12°. 2,3-Diketo-p- 
glucoheptonate and 2,3-diketo-p-gluconate were prepared by 
bromine oxidation of p-glucoascorbic and p-araboascorbic acids, 
respectively. Methy]l-2-keto-L-gulonate, a gift from Chas. Pfizer 
and Company, Inc., was used to prepare crystalline 2-keto-L- 
gulonic acid (12). Dr. H.S. Isbell, of the National Bureau of 
Standards, kindly provided a sample of 2-keto-t-galactonic acid. 
Acetoacetylpantetheine and acetoacetyl-CoA were prepared from 
diketene (13) and borohydride-reduced pantethine and reduced 
CoA, respectively. 

B-Hydroxybutyryl-CoA dehydrogenase was prepared from 
sheep liver (14), aldehyde dehydrogenase from yeast (15), TPN- 
xylitol dehydrogenase from guinea pig liver acetone powder 
(16), and p(-)8-hydroxybutyrate dehydrogenase from beef heart 
(17). Lactic dehydrogenase was purchased from the Worthing- 
ton Biochemical Corporation. Sephadex G-25, obtained from 
Pharmacia Products, Inc., of Rochester, Minnesota, was thor- 
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Fic. la. Assay method for 8-L-hydroxy acid dehydrogenase. 
The test solution contained 20 wmoles of potassium L-gulonate, 2 
umoles of cysteine, 0.5 umole of DPN, 20 umoles of Tris buffer pH 
8.5, and varying amounts of enzyme in a total volume of 1.0 ml. 
Measurements were made on a Beckman model DU spectro- 
photometer with 1l-cm cells. The points plotted represent the 
average value of the first 5 minutes after addition of the enzyme. 
A unit is defined in the text. 6. Assay method for 8-L-hydroxy 
acid dehydrogenase. The test solution contained 20 umoles of 
sodium acetoacetate, 0.2 umole of DPNH, and 30 umoles of phos- 
phate buffer pH 6.3 in a total volume of 1.0 ml. Other condi- 
tions were as described in part a. 


oughly washed and freed from fine particles before use. The 
calcium phosphate gel (18) contained 10.8 mg of dry weight per 
ml. 


Methods 


The assay procedure for L-gulonic acid (DPN) dehydrogenase 
described previously (1) utilized L-gulonic acid as substrate, and 
the rate of DPN reduction at 340 mu was measured. Subse- 
quently, upon the realization that this enzyme possessed a wide 
specificity (2), it was found advantageous to utilize the more 
favorable reverse reaction with acetoacetate as substrate and to 
determine the rate of DPNH oxidation. Conditions for the 
assay with both substrates are described in the legend to Fig. 1. 
A unit is defined as that amount of enzyme required to produce 
an optical density change of 1.0 per minute at 340 mu. The 
unit referred to in this paper was routinely determined with 
acetoacetate and represents approximately one-third of the 
activity of a unit determined with L-gulonate. Protein was 
measured by the method of Sutherland et al. (19) 


Enzyme Purification 


Kidneys from freshly slaughtered hogs, wrapped separately 
in aluminum foil, were frozen and stored at —12°. Under these 
conditions, the enzyme titer remained constant over a period of 
several months. All steps in the following procedure were car- 
ried out at a temperature of 0-3°. 

Crude Extract—In a typical preparation, 200 g of partially 
thawed, fat-free kidney tissue were diced and homogenized in a 
mechanical blender with 600 ml of 0.005 m K,HPO,. The ho- 
mogenate was centrifuged at 12,000 x g for 10 minutes and the 
residue discarded. Considerable variation in the specific ac- 
tivity of the initial extract, ranging from 0.08 to 0.15 unit per 
mg of protein, was noted. This did not, however, affect the 
subsequent reproducibility of the purification procedure. 

Ammonium Sulfate—To the above extract, finely powdered 
ammonium sulfate was added, slowly and with stirring, until 
40% of saturation was reached (22.6 g per 100 ml). The pre- 
cipitate was rejected and the supernatant solution brought to 
45% of saturation by addition of another 2.9 g per 100 ml. This 
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precipitate was similarly rejected and the soluble fraction then 
adjusted to 55% of saturation by addition of another 5.9 g per 
100 ml. After centrifugation, the precipitate from the 45 to 55% 
fraction was dissolved in 20 ml of 0.005 m K2HPO, and the super- 
natant solution discarded. It proved advantageous to carry 
out the first ammonium sulfate precipitation in two separate 
steps, since this resulted in a marked improvement in the sharp- 
ness of the fractionation procedure. 

A column containing 100 g of Sephadex G-25 was equilibrated 
with 0.03 m Tris buffer pH 7.0, and the above enzyme fraction 
carefully pipetted onto the surface of the gel and washed through 
the column with 0.03 m Tris buffer pH 7.0. The eluate was 
collected in 10-ml fractions. Immediately after displacement 
of the initial bed volume, the protein appeared visibly as a dark 
colored solution. This material was collected and pooled. The 
column was stopped upon the appearance of SQ,™ in the eluate, 
determined as BaSQs. 

DEAE-Cellulose Chromatography—The enzyme solution from 
the Sephadex column (42 ml) was placed on a column containing 
15 g of DEAE-cellulose (Eastman Kodak Company) which had 
been previously equilibrated with the above Tris buffer. The 
enzyme was recovered by gradient elution with an increasing con- 
centration of KCl. To accomplish this, 500 ml of the Tris 
buffer, brought to 0.5 m with respect to KCl, were allowed to drip 
into a well stirred reservoir containing 500 ml of the buffer, 
Fractions (20 ml) were collected, the enzyme appearing as a sharp 
peak in tubes 20 to 22. 

In order to modify the ionic constitution of the pooled frac- 
tions from the DEAE column, before adsorption on alumina Cy 
gel, the enzyme solution was passed through the same column 
of Sephadex G-25 as used above. In this case, however, the 
Sephadex was previously equilibrated with 0.005 m K.HPO, 
and the enzyme washed through the column with this buffer. 
As before, the visibly colored protein solution was collected and 
pooled. The column was stopped upon the appearance of chlo- 
ride in the eluate, determined as AgCl. In this, as in the pre- 
vious Sephadex step, there was essentially complete recovery 
of activity. 

Alumina Cy I—The pooled effluent from the above step (9 


ml) was added to 150 ml of a water suspension of alumina Cy | 


gel (Sigma commercial grade diluted to 10 mg per ml of dry 
weight of gel) and was allowed to stand for 10 minutes before 
being centrifuged. The clear supernatant solution was discarded 
and the gel eluted with 30 ml of 0.01 m K,HPO,. Before this 
step in the purification, the enzyme is stable at 0° and the pro- 
cedure may be interrupted safely at any point. 
the step with alumina Cy, the enzyme becomes unstable, and 
all activity is lost upon storage overnight in the cold. Conse- 


TABLE I 
Summary of purification procedures 
Fraction Volume Total units — 
Crude extract...............:.. 442 1500 0.13 
Ammonium sulfate............. 28 1060 0.93 
DEAE 60 738 3.6 
Calcium phosphate............. | 30 300 11.6 
Alumina Cy II................. | 5 243 13.4 
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quently, it is imperative to complete the purification without 
further delay. 

Calcium Phosphate—Calcium phosphate gel preparation (30 
ml), containing 10.8 mg per ml of dry weight of gel, were centri- 
fuged and decanted, and the gel pellet was resuspended in the 
eluate from the previous step. After standing for 10 to 15 min- 
utes, the suspension was centrifuged and the gel residue 
discarded. 

Alumina Cy II—To the above enzyme fraction were added 
40 ml of the alumina gel Cy suspension, and the mixture was 
allowed to stand for 10 to 15 minutes. After centrifugation, 
the supernatant solution was discarded and the gel eluted with 
5 ml of 0.05 Mm K2zHPO,. The over-all purification achieved was 
approximately 100-fold, as is illustrated in Table I. 


RESULTS 


Properties of Enzyme 


Stability—In contradistinction to an earlier report on a less 
purified preparation of the enzyme (1), the second alumina Cy 
eluate proved stable and could be frozen and thawed separately 
over a period of several weeks with little loss of activity. The 
increased stability appeared to be related to the relatively higher 
protein concentration of this fraction. 

Specificitty—The purified enzyme was shown to possess an 
unusual specificity for hydroxy acids, in that only compounds 
in which the 6-hydroxyl group exhibited an L configuration were 
reactive. In order to check this property in some detail, all the 
theoretical isomers of the hexonic, pentonic, and tetronic acids, 
with the exception of L-allonic acid, were examined. Table II 
lists the relative reaction rate of the various B-L-hydroxy acids. 
In no case was it possible to demonstrate a reaction with the 
corresponding 8-p-hydroxy acid. It should be emphasized, how- 
ever, that although the @-L-configuration appears to be necessary, 
it is not a sufficient condition for reactivity, since L-arabonic 
acid, which possesses this structure, did not serve as a substrate. 
In addition, a variety of closely related compounds such as p- 
glucuronate, b-mannuronate, L-iduronate, 6-phospho-p-glucon- 
ate, and the amino acids, L-serine and L-threonine, all of which 
possess the required 8-L configuration, were unreactive. 

The reversibility of this reaction had not been examined pre- 
viously because of the unavailability of the postulated 3-keto- 
intermediate. However, upon the demonstration of the wide 
specificity of the enzyme, it appeared reasonable to test a number 
of naturally occurring B-keto acids. Acetoacetate and 2,3-di- 
keto-L-gulonate were readily reduced to L(+)-8-hydroxybutyr- 
ate and 2-keto-L-gulonate, respectively, in the presence of the 
purified enzyme and DPNH. With crude enzyme preparations, 
ethyl acetoacetate and the oxidized ascorbic acid analogues, 
2,3-diketo-p-glucoheptonate and 2,3-diketo-p-gluconate, ap- 
peared to oxidize DPNH. This activity was lost, however, with 
further enzyme purification. Similarly, the pantetheine and 
CoA-esters of acetoacetic acid were found to be inactive with 
the purified enzyme. | 

pH Optimum—The activity of B-L-hydroxy acid dehydrogen- 
ase was markedly dependent upon pH, as shown in Fig. 2. The 
pH optimum for the B-oxidation of the aldonic acids, 8.5, was 
similar to that for L(+)-6-hydroxybutyric acid. In the reverse 
reaction, 2,3-diketo-L-gulonate and #-keto-t-gulonate closely 
paralleled acetoacetate with a pH optimum of 6.3. 

Inhibitors and Actwators—Cysteine at 10-° m appreciably 
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TABLE II 
Relative rate of oxidation of various B-hydroxy acids 


Assay conditions were as described in Fig. la except that each 
substrate concentration was increased to 40 umoles. The rela- 
tive activity is compared to the rate of oxidation of L-gulonic 


(100%). tw-Allonie acid was not tested. 
Rela- ; Rela- 
B-t-Hydroxy acid 8-p-Hydroxy acid 
ity ity 
L-Gulonie 100 | t-Galactonic 0 
p-Lyxonic 81 | p-Arabonic 0 
L-Idonic 59 | L-Talonic 0 
p-Xylonic 56 | p-Ribonic 0 
p-Gluconic 49 | p-Allonic 0 
L-Erythronic 33 | D-Threonic 0 
L(+)-8-Hydroxybutyric | 26 | p(—)-8-Hydroxybutyric 0 
L-Threonic 18 | p-Erythronic 0 
p-Talonic 17 | p-Idonic 0 
L-Altronic 10 | t-Mannonic 0 
p-Mannonic 6 | p-Altronic 0 
L-Ribonic 5 | Lt-Xylonic 0 
p-Galactonic 1 | p-Gulonic 0 
L-Arabonic u-Lyxonic 0 
L-Allonic L-Gluconic 0 
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Fic. 2. Variation in reaction rate with change of pH. Assay 
conditions were as described in Fig. la and 1b except for buffer 
and pH. 


stimulated the activity of the purified dehydrogenase as meas- 
ured by DPNH formation at pH 8.5, although it was without 
effect in the reverse reaction at pH 6.3. Other sulfhydryl com- 
pounds were tried without effect. The reaction was completely 
inhibited in both directions by p-chloromercuribenzoate at 10-3 
M. Neither inhibition nor activation in either direction could 
be elicited by a variety of compounds such as iodoacetate, ethyl- 
enediaminetetraacetate, 2,2’-bipyridine, 8-hydroxyquinoline, O- 
phenanthroline, and diethyldithiocarbamate at concentrations 
up to 10-* m. Thiamine pyrophosphate, 10-* mM, was similarly 
without effect upon the reaction. Among the inorganic ions 
tested and shown to be without effect at concentrations of 10-5 
to 10-3 M were zinc, magnesium, cadmium, cupric, ferrous, man- 
ganous, nickelous, cobaltous, and arsenite. 

Effect of Substrate Concentration—The effect of substrate con- 
centration upon the reaction rate with L-gulonate, L-idonate, 
and L(+)-8-hydroxybutyrate is illustrated in Fig. 3a. Calcula- 
tion from the corresponding Lineweaver-Burk plots indicated 
(Michaelis-Menten) values of 5.1 107%, 5.3 10-3, and 
5.3 X 10-* M, respectively. The reverse reaction, studied with 
B-keto-L-gulonate, acetoacetate, and 2,3-diketo-L-gulonate as 
substrates (Fig. 3b) yielded K,, values of 4.5 X 10-4, 6.4 x 10-3, 
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Fig. 3a. Effect of substrate concentration upon forward re- 
action rate. Except for variation of substrate concentration, 
conditions were as described in Fig. la; 13.5 ug of purified enzyme 
were used. b. Effect of substrate concentration upon reverse re- 
action rate. Conditions are as described in Fig. 1b except for 
variation of substrate concentration; 13.5 ug of purified enzyme 


were used. 
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Fic. 4. Equilibrium studies with 8-L-hydroxy acid dehydrog- 
enase. Reaction mixtures contained 0.3 umole of the indicated 
substrate, 0.3 umole of either DPNH or DPN, 20 umoles of pyro- 
phosphate buffer pH 7.4, 10 umoles of cysteine, 13.5 ug of the 
purified enzyme, and water to a final volume of 1.0 ml. Curves 
presented were obtained at 340 my on a Cary model 12 — 


spectrophotometer. 


and 7.3 X 10-3 M, respectively. The A,, for DPN in the forward 
reaction with L-gulonate at pH 8.5 was calculated to be 4 x 
10-*° M. 

Equilibrium Studies—In order to determine the equilibrium 
of the reversible reaction of the @-hydroxy acids and their cor- 
responding 6-keto acids, the following two systems were ex- 
amined: 


L(+)-8-Hydroxybutyrate + DPNH*t = (2) 
acetoacetate + DPNH + H* 


L-Gulonate + DPN*t = £-keto-L-gulonate + DPNH + H* (3) 


The equilibrium studies were carried out at pH 7.4 since, as can 
be seen in Fig. 2, the rates of the forward and backward reactions 
were approximately equal at this pH. 

The reduction of DPN (or the oxidation of DPNH) was ob- 
served at 340 mu on a Cary recording spectrophotometer and 
the resulting curves reproduced in Fig. 4. In the hydroxy- 
butyrate-acetoacetate system, the corresponding appearance or 
disappearance of acetoacetate was determined by the salicyl- 
aldehyde reaction (20) and found to be stoichiometric with the 
changes in DPN concentration. No measurable amount of 
acetone could be detected. Equilibrium was approached from 
either direction when the ratio of 6-hydroxybutyrate to aceto- 
acetate reached 70:30. 

A similar evaluation of the L-gulonate-8-keto-t-gulonate reac- 
tion indicated the attainment of apparent equilibrium at pH 
7.4 when 8.6% of the initial L-gulonate had been converted to 
B-keto-L-gulonate (Fig. 4). Changes in the concentration of 
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L-gulonate, determined as the lactone (21), were found to be 
stoichiometric with the corresponding changes in DPN concen- 
tration. Under these conditions, no significant formation of 
free xylulose could be detected (22). 


Isolation and Identification of Reaction Products 


1. B-Keto-x-gulonic Acid—An attempt was made to accumulate 
the product of t-gulonate oxidation, in an amount sufficient to 
characterize it, by the following large scale incubation. The 
reaction vessel contained 500 uwmoles of L-gulonate-1-C™ (14,000 
c.p.m. per umole), 500 uwmoles of pyrophosphate buffer pH 8.5, 
500 umoles of sodium pyruvate, 0.2 ml of lactic dehydrogenase, 
50 units of 6-L-hydroxy acid dehydrogenase, 250 umoles of 
cysteine, and 10 wmoles of DPN in a total volume of 30 ml. 
After incubation for 40 minutes at 37°, the mixture was chilled 
in an ice bath and, without prior removal of protein, placed on 
a column containing 200 ml of packed Dowex 1-formate. Chro- 
matography and subsequent procedures were carried out in a 
cold room at 0-3°. The material was recovered from the column 
by means of gradient elution, whereby 1 liter of 1 N formic acid 
was allowed to flow into a well stirred reservoir containing 500 
ml of distilled water. Fractions of 15 ml were collected and 
assayed for radioactivity. For qualitative detection of the 
respective fractions, 1 drop of the eluate was spotted on paper 
strips, dried, and developed by the silver nitrate dip method 
(23). In this manner, a small peak of L-xylulose (55 umoles) 
was detected in the water wash of the initial tubes. Two subse- 
quent peaks, corresponding to unreacted L-gulonate-1-C"™ (tubes 
28 to 31) and £8-keto-L-gulonate-1-C™ (tubes 40 to 60), were 
revealed by direct plating of aliquots from each tube. Because 
of the instability of the B-keto acid to heat and to drying, an 
accurate estimation of the total reactivity in this peak could be 
obtained only after decarboxylation in 6 N HCl at 100° followed 
by collection of the CQO. in alkali. All counting of the BaC0, 
was corrected for plating at infinite thinness. The elution pat- 
tern is shown diagrammatically in Fig. 5. 

Tubes 40 to 60 were pooled to yield a single fraction containing 
2.1 X 10% c.p.m. in a total volume of 300 ml. This material was 
extracted with ether for 12 to 15 hours in a liquid-liquid extractor 
in which the aqueous reservoir was immersed in an ice bath during 
the entire extraction procedure. An excess of solid KOH was 
added to the ether reservoir to neutralize the formic acid which 
accumulated. Upon completion of the extraction procedure, 
the aqueous phase was removed and gassed with helium at 0° 
until free from the odor of ether. The sample was carefully 
adjusted to pH 6.0 with KOH and stored frozen at —15°. 

Examination of the unknown material by means of the cys- 
teine-carbazole reaction (22) was essentially negative, indicating 
the absence of xylulose. However, when the sample was heated 
in a boiling water bath for 1 minute, cooled to room temperature, 
and reassayed, a strongly positive reaction was observed. A 
similar but less striking result was obtained when the unknown 
was incubated with 4-aminoantipyrine (24). The material 
liberated by boiling was demonstrated to be u-xylulose by (a) 
cochromatography with authentic xylulose, Rr 0.54, in a phenol- 
water (9:1) solvent system; (b) appearance of the characteristic 
color of this keto-pentose when developed with the orcinol- 
trichloroacetic spray reagent (25); and (c) the stereospecific 
oxidation of TPNH in the presence of L-xylulose dehydrogenase 
(16). 
Incubation of the unknown material with the purified 6-1 
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hydroxy acid dehydrogenase, under the conditions described in 
the legend to Fig. 1b, resulted in a rapid oxidation of DPNH. 
Exact estimation of the 6-keto-L-gulonate concentration based 
upon the radioactivity of the second peak isolated from the 
Dowex 1-formate column permitted accurate evaluation of the 
stoichiometry of the reaction. At pH 6.3, each mole of B-keto- 
L-gulonate oxidized 1 mole of DPNH in the presence of enzyme. 
The product of the enzymatic reduction yielded a single spot on 
paper chromatography which cochromatographed with synthetic 
t-gulonolactone in two solvent systems under conditions which 
permitted the ready resolution of this compound from galactono-, 
altrono-, talono-, and idonolactones (Table III). The t-gulono- 
lactone was eluted from the paper, assayed (21), and the radio- 
activity determined by direct plating. Calculation of the specific 
activity of the reduced product yielded a value of 13,500 c.p.m. 
per ymole as compared to the specific activity of 14,000 c.p.m. 
per umole of the starting material. 

Final identification of the material in this fraction was ob- 
tained by isolation of the unique products of the chemical reduc- 
tion of this keto acid. Ten umoles (1.4 x 105 c.p.m.) were 
treated with KBH, according to methods previously described 
(26). The reduction product, after concentration in 1 nN HCl, 
was subjected to descending paper chromatography in ethyl 
acetate-acetic acid-water (3:1:3). When examined with AgNO; 
(23), two separate spots were visualized which cochromato- 
graphed with synthetic L-gulono- and L-galactonolactone, re- 
spectively (Table III). Essentially all the radioactivity was 
located in these two positions. The area corresponding to L- 
talono- and L-idonolactone was free from both radioactivity and 
AgNO;-reacting material. The remainder of the reduction 
product was then carefully streaked on a large sheet of Whatman 
No. 1 chromatographic paper and treated as described in Table 
IV. As can be seen, the specific activity of the slower moving 
component remained constant upon recrystallization in the 
presence of authentic L-gulonolactone, whereas the faster moving 
component behaved similarly in the presence of authentic L- 
galactonolactone. Of all the theoretically possible isomers of a 
ketohexonic acid, only 8-keto-L-gulonic acid would be expected 


‘to give rise to this specific pair of aldonic acids. 


2. 2-Keto-t-gulonic Acid—Studies on the enzymatic reduction 
of another 6-keto acid, 2 ,3-diketo-L-gulonate (DKGA), revealed 
that 6-L-hydroxy acid dehydrogenase catalyzed the reaction: 


DKGA + DPNH + Ht — 2-keto-L-gulonate + DPN* (4) 


In order to identify the product of this reaction, a large scale 
incubation was carried out containing 200 umoles of potassium 
diketogulonate, 20 uwmoles of DPN, 3 mmoles of phosphate 
buffer pH 6.3, 10 mmoles of KCl, 300 uwmoles of glycolaldehyde, 
24 X 10‘ units of aldehyde dehydrogenase, and 48 units of 
B-L-hydroxy acid dehydrogenase in a total volume of 100 ml. 
After incubation for 90 minutes at 37°, the reaction was stopped 
by the addition of trichloroacetic acid to a final concentration 
of 4% (weight per volume). It has been observed recently that 
sulfhydryl compounds promote a brisk nonenzymatic decarboxyl- 
ation of 2,3-diketo-L-gulonate (27). Consequently, they were 
omitted from the reaction mixture. In their absence, however, 
the potassium-activated aldehyde dehydrogenase (15), used here 
as a DPNH-regenerating system, was slowly inactivated. In 
order to compensate for this, the glycolaldehyde and the aldehyde 
dehydrogenase were added in three equally divided portions at 
30-minute intervals during the course of the reaction. 
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Fig. 5. Dowex 1-formate chromatography of 8-keto-L-gulonic- 
1-C'4 acid. Details are described in the text. 


TABLE III 
Rega values of various sugar acids 


The chromatograms were allowed to develop for 12 to 18 hours 
at room temperature with a descending solvent. The figures 
given represent the Rg, values (relative rates of migration of the 
various compounds compared to galactonolactone which is as- 
signed a value of 1.00). 


Solvent 


Compound 
1* 2t 


1. Galactonolactone.......... 1.00 
2. Gulonolactone............. 0.89 
0.91 
1.09 


5. Talonolactone.............. 
6. Idonolactone............... 


ARVO KS 


* Solvent 1: Ethyl acetate-pyridine-water-acetic acid (3:5:- 
3:1). 
t Solvent 2: Ethyl acetate-acetic acid-water (3:1:3). 


TABLE IV 


Identification of products obtained by chemical 
reduction of B-keto-t-gulonate 

A portion of the reduction products of 8-keto-L-gulonate (see 
text) was chromatographed on Whatman No. 1 paper and de- 
veloped by descending paper chromatography in ethyl acetate- 
acetic acid-water (3:1:3). Two bands were located by radio- 
active scanning, eluted separately with water, and concentrated. 
To an aliquot of the slower moving component (A), containing 
8.9 X 10‘ c.p.m., were added 200 mg of synthetic L-gulonolactone 
and the mixture recrystallized from 85% ethanol. Similarly, to 
the faster moving component (B), containing 7.6 X 10‘ c.p.m., 
were added 200 mg of synthetic L-galactonolactone and the mix- 
ture recrystallized from 95% ethanol. The figures given in the 
chart represent the specific activity determined after each re- 
crystallization. 


Specific activity 
No. of recrystallizations 
A B 
c.p.m./pg 
1 163 87 
2 184 76 
3 177 81 
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The excess trichloroacetic acid was removed from the depro- 
teinized reaction mixture by repeated extraction with ether and 
the resulting aqueous solution concentrated to a semi-dry powder 
by lyophilization. In order to remove the bulk of the inorganic 
salts present, the residue was extracted with hot, absolute 
ethanol, filtered, and concentrated to dryness in a vacuum. 
This procedure was repeated and the second ethanol extract 
streaked on filter paper sheets and chromatographed overnight 
in ethyl acetate-acetic acid-water (3:1:3). The location of the 
reaction product was established by cutting guide strips from 
the center of each sheet and spraying with the o-phenylenedia- 
mine spray reagent used for the characterization of a-keto acids 
(28). <A single reactive band was visualized which cochromato- 
graphed with authentic 2-keto-L-gulonic acid. This was eluted 
from the papers, concentrated in a vacuum to 1.0 ml, and assayed 
by several independent methods. Determination of the terminal 
glycol content of the reaction product by measurement of the 
formaldehyde formed (29) upon periodate oxidation (30) indi- 
cated a total recovery of 140 uwmoles of product. An identical 
value of 140 umoles was obtained when the material was assayed 
as an a-keto acid by the colorimetric procedure of Lanning and 
Cohen (28) standardized against authentic 2-keto-L-gulonate. 
Further evidence for the identification of the reaction product 
as an a-keto acid was obtained by decarboxylation with ceric 
sulfate. In this case, 135 uwmoles of CO. were produced, as 
measured manometrically (31). That the product isolated was 
free from diketo-L-gulonate was ascertained by its failure to react 
in the Roe assay (32). Similarly, the presence of B-keto acid 
was eliminated by the nonreactivity of the material with 4- 
aminoantipyrine or to heat, as described in the previous section. 

From consideration of Equation 4, it is clear that two possible 
a-keto hexonic acids, 2-keto-L-galactonate and 2-keto-L-gulonate, 
might be expected to result from the enzymatic reduction of the 
B-keto function of 2,3-diketo-L-gulonate. In order to distin- 
guish these isomers, a chemical reduction should yield L-galac- 
tonate and L-talonate from the former and L-gulonate and L- 
idonate from the latter. Consequently, 0.10 ml of the isolated, 
enzymatic reduction product, estimated to contain 14 umoles 
of a-keto-hexonic acid, was reduced chemically with potassium 
borohydride as described previously (26). Completeness of the 
reduction was determined by the loss of all a-keto acid reactivity 
(28). Paper chromatography of the reaction mixture was car- 
ried out as described in Table III. Development of the paper 
chromatogram with AgNO; (23) revealed two spots cochromato- 
graphing with authentic t-gulonolactone and .L-idonolactone, 
(Reai 0.84 and 1.15 in Solvent 2). Thus, the paper chromato- 
graphic identification of L-gulonate and L-idonate as the unique 
products of the chemical reduction provided strong support for 
the identity of the original compound as 2-keto-t-gulonic acid. 
Repeated attempts to demonstrate the reversibility of this reac- 
tion with both the isolated product and with authentic 2-keto- 
L-gulonate have been unsuccessful. 

3. 1(+)-8-Hydrorybutyrate—The ready reduction of aceto- 
acetate in the presence of the purified 6-L-hydroxy acid dehy- 
drogenase and DPNH has been discussed earlier (Equation 2). 
In order to demonstrate the specific formation of the L(+) 
isomer of 8-hydroxybutyrate, the reaction product was isolated 
and the optical rotation determined. 

The incubation mixture, containing 200 umoles of sodium 
acetoacetate, was prepared exactly as described above for 2,3- 
diketo-L-gulonate, except that the total amount of glycolaldehyde 
and aldehyde dehydrogenase was added at the beginning of the 


reaction, and the solution was made 0.10 mM with respect to 2- 
mercaptoethanol. The mixture was incubated for 20 minutes 
at 37° and stopped by immersion in a boiling water bath for 5 
minutes. After removal of cations with Dowex 50 (H*), the 
pH was adjusted to 1.0 with H2SO, and the mixture refluxed at 
100° for 2 hours to destroy any unreacted acetoacetate. The 
acid solution was cooled and extracted overnight with ether in 
a liquid-liquid extractor. The ether phase was removed and 
shaken with an equal volume of water. After neutralization 
with dilute KOH, the aqueous phase was concentrated by lyophil- 
ization. The product was identified as 6-hydroxybutyrate and 
shown to be free from acetoacetate and acetone, by the salicyl- 
aldehyde reaction (20). Optical rotation determination on the 
free acid revealed an [a]? of +24°, in good agreement with the 
reported value of +23° for L(+)-8-hydroxybutyrie acid (9). 

The reaction was shown to be readily reversible at pH 8.5 
with the isolated reaction product as well as with authentic L(+) 
or racemic 8-hydroxybutyrate. p(—)-@8-Hydroxybutyrate was 
completely unreactive in the presence of the purified enzyme 
and DPN. | 

4. Ketopentoses—Rigorous evidence for the identification of 
L-xylulose as a product of L-gulonate metabolism has been re- 
ported in an earlier publication from this laboratory (33). In 
general, reactivity of the various aldonic acids was evaluated by 
means of DPN reduction as presented in Table II. However, 
upon long incubation at 37°, the 8-keto intermediates decarboxy- 
late, yielding a keto sugar. Thus, three aldonic acids (L-gu- 
lonate, L-idonate, and p-gluconate), all possessing the required 
levo configuration of the hydroxyl group at carbon 3, were in- 
cubated separately under the conditions described in the legend 
to Fig. la, except that the incubation was allowed to continue 
for 90 minutes at 37°. The reaction was stopped by the addition 
of trichloroacetic acid to a final concentration of 5° (weight 
per volume), the precipitates removed, and the clear solutions 
concentrated to dryness at 40° in a vacuum. The individual 
residues were extracted twice with 5 ml of ethanol, the extracts 
pooled and concentrated to a final volume of 1.0 ml. In the 
case of L-gulonate and t-idonate, the presence of xylulose was 
determined qualitatively on the basis of the time of color de- 
velopment in the cysteine-carbazole reaction (22) and by co- 
chromatography with authentic L-xylulose, R 0.54, in a phenol- 
H.O (9:1) solvent. By the same criteria, ribulose was 
determined to be the product of p-gluconate metabolism. 


Comparison with Other Enzymes Converting 
B-Hydroxybutyrate to Acetoacetate 


From the work of Green (17), Lynen (14), Lehninger (34), 
Wakil (35), and Stern (36, 37), a variety of enzymatic prepara- 
tions have been described in mammalian tissues which catalyze 
the reversible interconversion of 8-hydroxybutyrate and aceto- 
acetate. The chief characteristic distinguishing these prepara- 
tions has been their substrate specificity. 

Thus, the classic dehydrogenase of Green (17) is stereospecific 
for p(—)-6-hydroxybutyrate, whereas the analogous dehydro- 
genase described by Lehninger (34) is active upon the CoA ester 
of u(+)-6-hydroxybutyrate. Evidence for the existence of 4 
third mammalian dehydrogenase specific for p(—)-6-hydroxy- 
butyryl-CoA has been presented by Wakil (35). This finding, 
however, has been challenged by Stern (36, 37), who has demon- 
strated the existence of a racemase capable of interconverting 
the p(—) and L(+) isomers of 8-hydroxybutyryl-CoA. To the 
best of the authors’ knowledge, the direct oxidation of L(+)-6 
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hydroxybutyrate by mammalian enzymes has not been reported 
previously, although evidence for the bioreduction of acetoacetate 
to L(+)-8-hydroxybutyrate by fermenting bakers’ yeast has 
been described (38, 39). 

In contradistinction to the B-keto acid reductase which utilizes 
specifically the CoA ester of acetoacetate (14), the enzyme de- 
scribed in this study was inactive toward acetoacetyl-CoA and 
acetoacetyl-S-pantetheine as substrates. When a 50-fold puri- 
fied, twice dialyzed fraction of 6-L-hydroxy acid dehydrogenase 
was treated three successive times with an equal volume of 
moist Dowex 1-Cl, only a minimal loss of activity could be ob- 
served. Similarly, addition of CoA with or without ATP to 
the most highly purified enzyme fractions failed to provoke a 
detectable stimulation. 

In order to check the specificity of both enzymes under the 
same conditions, $-hydroxybutyryl-CoA dehydrogenase was 
prepared from sheep liver (34) and incubated with four 
substrates, acetoacetyl-CoA, acetoacetyl-S-pantetheine, sodium 
acetoacetate, and 2,3-diketo-L-gulonate, as described in the 
legend to Fig. 1b. A similar incubation mixture was prepared 
with B-L-hydroxy acid dehydrogenase. The 6-keto acid-CoA 
reductase exhibited a potent enzymatic activity toward the first 
two substrates and was inert in the presence of the latter. The 
converse proved true of 6-L-hydroxy acid dehydrogenase. 

In an analogous fashion, p(—)-8-hydroxybutyrate dehydro- 
genase was prepared from heart muscle according to the method 
of Green et al. (17). Here too, both enzymes were examined 
under similar conditions, and the heart muscle preparation was 
shown to be inactive for the L(+) isomer. A comparison of the 
equilibrium position of the p(—)-@-hydroxybutyrate dehydro- 
genase acting upon the p( —) isomer was carried out in the pres- 
ence of 10-? m KCN, the latter being used to inhibit the marked 
DPNH oxidase activity present in this preparation. At pH 
7.4, equilibrium was reached when 26% of the p( —)-6-hydroxy- 
butyrate had been converted to acetoacetate, a value closely 
paralleling that of @-L-hydroxy acid dehydrogenase acting upon 
the L(+) acid (Fig. 5). 

From a consideration of the similarity of the equilibrium value 
for both systems acting upon acetoacetate, it is clear that they 
constitute, in effect, a racemase for the interconversion of the 
optical isomers of B-hydroxybutyrate, although there is no evi- 
dence for the assumption that this is a physiological reaction 
occurring in vivo. The similarity of the two enzymes could not, 
however, be extended to their action upon the sugar acids. 
p(—)-8-Hydroxybutyrate dehydrogenase was unreactive with 
all the B-p-sugar acids examined. In addition, it should be 
pointed out that 6-L-hydroxy acid dehydrogenase is a soluble 
constituent isolated from the high speed supernatant fraction 
of tissue homogenates, whereas the other enzymes concerned 
with the metabolism of acetoacetate and 6-hydroxybutyrate 
are bound to the mitochondria. 


Evidence for Single Enzyme 


In view of the large number and variety of substrates utilized 
by the enzyme preparation reported here, several experiments 
were undertaken in an attempt to determine whether one or 
more enzymes were responsible for the reactions described. 

The relative rate of reaction of five typical substrates (aceto- 
acetate, L-gulonate, L-idonate, L(+)-8-hydroxybutyrate, and 
2,3-diketo-L-gulonate) were tested at each stage of purification, 
as described in Table I. In each case, the relative rate of reac- 
tion remained constant over a range of 100-fold purification, as 
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Fig. 6. Saturation studies as evidence for a single enzyme. 
Assay conditions are as described in Fig. la and 1b except that 
40 umoles of substrate and 13.5 ug of the purified enzyme were 
used in each case. 


could be expected for a single enzyme. In addition, experiments 
were carried out whereby the enzyme was saturated with a given 
substrate and the rate compared with the same system containing 
an additional amount of an alternate substrate. In each case, 
no increase in rate could be observed, as would be predicted when 
a common enzyme is responsible for the utilization of both sub- 
strates. This is illustrated in Fig. 6. 


Distribution of Enzyme 


B-L-Hydroxy acid dehydrogenase activity was found to be 
present in the kidney and liver of several mammalian species, 
of which hog kidney was the most active source. Hog liver 
contained 50% of the activity of the kidney, the spleen and 
adrenals being essentially inactive. Beef kidney was 40% and 
beef liver 31% as active as the hog kidney. Both kidney and 
liver preparations from rat, mouse, and monkey exhibited 40 to 
50% of the activity of the hog kidney. 


Evidence for Decarboxylating Enzyme 


Previous workers (40, 41) have either questioned the formation 
of a B-keto acid during the conversion of L-gulonate to L-xylulose, 
or have suggested that both oxidation and decarboxylation take 
place on the surface of a single enzyme so that no free intermedi- 
ate accumulates. Alternatively, in view of the known lability 
of B-keto acids, the possibility of a nonenzymatic decarboxyla- 
tion could not be eliminated. 

The isolation of 8-keto-L-gulonate, free from both L-xylulose 
and L-gulonate, has now permitted the preliminary identification 
of an enzymatic activity responsible for the decarboxylation of 
this compound. Incubation with a hog kidney homogenate as 
well as with the high speed supernatant fraction from rat liver 
has revealed a seven- to eightfold increase in the decarboxylation 
of 6-keto-L-gulonate over that occurring under identical condi- 
tions in which the enzyme has been inactivated by heating for 1 
minute at 100°. In this case, decarboxylation was determined 
by measuring the increase in free xylulose as assayed by the 
cysteine-carbazole reaction (22). 

A more detailed investigation of the properties of this de- 
carboxylase is currently in progress. 


DISCUSSION 


After several years of controversy concerning the mechanism 
of t-gulonic acid metabolism, it is clearly evident from the re- 
sults of the present study that the conversion of L-gulonic acid 
to L-xylulose proceeds via the formation of 8-keto-L-gulonic acid. 
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Furthermore, under appropriate conditions, this compound is 
sufficiently stable to accumulate in the incubation medium. In 
addition, it would appear that the subsequent formation of L- 
xylulose results from an enzymatic decarboxylation which may 
be resolved from the dehydrogenase activity. These findings, 
although significant, are not altogether unexpected in view of the 
long period of speculation which preceded the final isolation and 
identification of the 6-keto intermediate. However, there has 
emerged from the further investigation and purification of this 
enzymatic system an unusual substrate specificity for $-.L- 
hydroxy acids which may permit their participation in at least 
two alternate areas of biochemical interest, 2.e. ascorbic acid 
catabolism and 6-hydroxybutyrate-acetoacetate interconversion. 

The pathway of L-ascorbic acid catabolism is essentially un- 
known, except for the fact that it is irreversibly oxidized to 2,3- 
diketo-L-gulonic acid by a variety of plant and animal tissues. 
Consequently, the demonstration that this compound is readily 
and quantitatively reduced to the a-keto acid, 2-keto-L-gulonate, 
in the presence of DPNH and the purified enzyme, raises the 
question as to whether this may be a significant mechanism for 
the biological utilization of vitamin C. It is interesting to note 
that the reduction of 2,3-diketo-L-gulonate was found to be 
experimentally irreversible, in contradistinction to all the other 
reactions studied which are catalyzed by this enzyme. It should 
perhaps be pointed out that this represents the third recently 
discovered enzymatic reaction involving diketo-L-gulonate, the 
other two being the TPNH-stimulated formation of L-xylose in 
guinea pig homogenates (42) and the formation of L-xylonic and 
L-lyxonic acids by a partially purified rat kidney enzyme (27). 
In any event, a closer examination of the subsequent metabolism 
of 2-keto-L-gulonate in animal tissues is indicated. : 

As has been mentioned previously, the fact that this enzyme 
carries out the specific and reversible interconversion of L(+)- 
B-hydroxybutyrate and acetoacetate provides a hypothetical 
mechanism for the racemization of 8-hydroxybutyric acid when 
coupled with the p(—)-8-hydroxybutyrate dehydrogenase of 
Green (17). 

At the present time, however, the significance of these observa- 
tions concerning the participation of the L(+) isomer in normal 
mammalian metabolism is completely unknown. Conceivably, 
the purified enzyme described in this paper might serve as a use- 
ful analytical tool for the determination and discrimination of 
the L(+) and p(—) isomers of @-hydroxybutyrate which appear 
in biological tissues. 


SUMMARY 


The previously described L-gulonic acid (diphosphopyridine 
nucleotide) dehydrogenase from hog kidney has been reinvesti- 
gated and purified about 100-fold. A new compound, £-keto- 
L-gulonic acid, has been isolated and identified as the product of 
L-gulonic acid oxidation and has been implicated as a free inter- 
mediate in the conversion of L-gulonic acid to L-xylulose. The 
purified enzyme has been shown to possess an unusual substrate 
specificity, in that it reacts with essentially all the hexonic, pen- 
tonic, and tetronic sugar acids in which the hydroxyl group on 
the 8-carbon possesses a levo configuration. In addition, the 
B-keto function of acetoacetate and 2,3-diketo-L-gulonate is 
stereospecifically reduced, with the resultant formation of L(+)- 
B-hydroxybutyrate and 2-keto-L-gulonate, respectively. In view 
of the broad specificity of this enzyme, the name 8-L-hydroxy 
acid dehydrogenase has been proposed. 


B-L-Hydroxy Acid Dehydrogenase. 
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When pi-glutamic acid-2-C" was administered to rats by 
intraperitoneal injection (1), conversion to succinate via a-keto- 
glutarate was the primary route of catabolism. However, when 
glutamate was injected into the cecum of rats, carbon 2 was 
converted to the methyl carbon of acetate (1). Glutamic acid 
administered by stomach tube was metabolized by both of the 
above mentioned pathways (1). 

The present report deals with the results of similar studies 
with p- and L-glutamic acid-2-C™ and pL- and p-glutamic acid- 
5-C4. The data suggest that (a) after intraperitoneal injection, 
r-glutamate is catabolized via a-ketoglutarate, whereas pD- 
glutamate is converted to p-pyrrolidone carboxylic acid (2); (0) 
carbon 2 of both p- and L-glutamate is converted in the cecum 
to the methyl carbon of acetate, probably by the route described 
by Barker et al. (3-5) rather than via the Stickland reaction (6) ; 
and (c) both rat liver and kidney catalyze the conversion of 
p-glutamic acid to p-pyrrolidone carboxylic acid. 


EXPERIMENTAL PROCEDURE 


Resolution of Radioactive px-Glutamic Acid—The procedure 
used for the resolution of pi-glutamic acid-2-C™“ (Volk Radio- 
chemical Corporation) and of pi-glutamic acid-5-C™ (Isotope 
Specialties Company) was essentially that of Greenstein et al. 
(7,8). Labeled pi-glutamic acid, 2 or 3 mmoles, was used in 
each preparation. Radioactive N-chloroacetyl-pL-glutamic acid 
was prepared at 0° with chloroacetic anhydride as acylating agent 
in the presence of 1 N NaOH (9). The resulting reaction mixture 
was passed through a column of Amberlite 1R-120 resin (Ht 


_ form) and the effluent from the column was lyophilized to recover 
210, 617 
- any monochloroacetic acid present. The yields of this derivative 
— were 55 to 60% of theory. Paper chromatography in several 


the radioactive N-chloroacetyl-pL-glutamic acid and to remove 


solvent systems indicated that essentially all of the radioactivity 
present was located in the area of the spot occupied by N-chloro- 
acetyl-pL-glutamic acid. | 

The N-chloroacetyl-pi-glutamic acid solution was titrated to 
pH 6.5 and incubated at 37° for 18 hours with 0.6 mg of Acylase 
I (7). A nonisotopic sample of identical composition was in- 
cubated simultaneously. Analysis of the latter mixture for free 
glutamic acid (10) indicated that complete hydrolysis of the 
L-isomer had occurred in about 4 hours. After removal of the 
protein, radioactive i-glutamic acid was separated from the 
incubation mixture by the ion exchange method of Baker and 


* Supported in part by research grants No. RG-4735 and RG- 
6765 from the National Institutes of Health, United States Public 
Health Service. 

t Present address of both authors. 


Sober (11), except that 1 N NH,OH was used to displace it from 
the Amberlite 1R-120 column. Radioactive p-glutamic acid, 
subsequently obtained by acid hydrolysis, was also adsorbed on 
Amberlite 1R-120 resin and eluted with 1 n NH,OH. 

Each of the final products was crystallized as the free acid. 
The yield of each isomer was approximately 50% of theory. 
Paper chromatography in two different solvents showed that 
each product contained a single ninhydrin-positive component. 
When the paper chromatograms were scanned with a Geiger 
tube, radioactivity was detected only in the area of the ninhydrin- 
positive spot. The optical purity of each labeled glutamic acid 
isomer was determined by repeated recrystallization, as the 
hydrochloride and as the free acid, of a sample which had been 
diluted approximately 1000-fold with its unlabeled enantiomorph 
(12). In each case, the stereochemical purity was found to 
exceed 99%. 

Animal Experiments—Male albino rats! (except Rat 121, which 
was @ female) were given injections of L- or p-glutamic acid-2-C¥, 
pL-glutamic acid-5-C™, or p-glutamic acid-5-C™. Injections by 
stomach tube or into the cecum were performed while the animals 
were under ether anesthesia. Data concerning the animals used, 
the isotopic material administered, and the duration of the experi- 
ments are presented in Table I. 

After the rats were killed, the “carcass” and liver glutamic 
acids were isolated, degraded, and assayed for radioactivity by 
methods previously described (13-15). ‘‘Carcass’’ refers to the 
entire animal, except liver, including the washed gastrointestinal 
tract. 

Identification of p-Pyrrolidone Carboxylic Acid in Urine—The 
urine from rats administered p-glutamic acid-2-C™ was collected 
under toluene and frozen until ready for use. After thawing, the 
urine was diluted to an appropriate volume and assayed for C™. 
The solution was passed over a column (1 X 15 cm) of Amberlite 
1R-120 resin (H+ form) and the column was washed with water. 

The material adsorbed by the 1R-120 resin was eluted with 
1 Nn NH,OH, the eluate was evaporated to a small volume, and 
an aliquot was assayed for radioactivity. Except in the case of 
Rat 116 (see Table I), less than 1% of the total radioactivity of 
the urine was adsorbed by this cation exchange resin. 

The effluent and washings from the 1R-120 resin were passed 
over a column (1 X 15 cm) of Amberlite 1R-45 resin (free base 
form), and the column was washed with water. Assay of the 


1 All rats, except Rats 116 and 121, were of Wistar origin and 
were obtained from the colony at the Division of Chemistry, Uni- 
versity of Tennessee, Memphis, Tennessee. Rats 116 and 121 
were of Holtzman origin and were obtained from the Holtzman 
Company. 
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366 p- and t-Glutamate Metabolism 
TABLE I 
Summary of experimental data 
| Amounts ex- 
creted as D- | Duration of 
Rat No. | Rat weight Compound administered Amounts injected Amount exhaled Po ane experiment Route of administration 
| aci 
| g uc meg uc uc hours 
110 238 L-Glutamie acid-2-C¥ 13 11 4 4 Cecum 
lll | 272 L-Glutamic acid-2-C™ 12 10 5 4 Cecum 
55 | 145 p-Glutamic acid-2-C!4* 12 4 4 4 24 Stomach tube 
114 | 136 p-Glutamie acid-2-C' 13 12 3 7 24 Stomach tube 
1005 p-Glutamie acid-2-C 10 9 0.03 6 28 Intraperitoneal 
106 | 168 p-Glutamic acid-2-C! 5 5 0.14 3 24 Intraperitoneal 
113 | 116 p-Glutamie acid-2-C' 6 5 0.05 3 24 Intraperitoneal 
116, 120 p-Glutamie acid-2-C“ 4 104 0 2 56 Subcutaneous 
ae 206 p-Glutamie acid-5-C!4 10 19 0.6 10 18 Stomach tube 
125 136 p-Glutamic acid-5-C™% 27 51 4 25 48 Stomach tube 
101 127 pL-Glutamie acid-5-C' 14 2 4 4 Intraperitoneal 
102 146 pL-Glutamie acid-5-C™4 18 3 6 4 Intraperitoneal 
118 pu-Glutamie acid-5-C!4 17 3 10 4 Cecum 
108 163 pu-Glutamie acid-5-C™ 16 3 9 4 Cecum 


* The p-glutamic acid-2-C!* was prepared enzymatically by Dr. Robert J. Hill (25). 


+ Rat 116 excreted 1.3 we as free p-glutamic acid-2-C" in the urine. 


t Rat 121 was a female. 


effluent and washings showed that less than 1% of the total 
radioactivity of the urine passed through this weak anion ex- 
change resin. 

The radioactive material was eluted from the 1R-45 resin with 
200 ml of 1 N acetic acid followed by 600 ml of 2 N acetic acid. 
Aliquots from the 10 ml eluant fractions were transferred to 
planchets, dried under an infrared lamp, and scanned for radio- 
activity with a Geiger tube. Inasmuch as only one radioactivity 
peak was detected, the fractions in this peak were combined and 
an aliquot assayed for C™. Approximately 85 to 95% of the 
total radioactivity of the urine was recovered in these fractions. 

Aliquots of the eluant from the 1R-45 resin were chromato- 
graphed on Whatman No. 1 paper in several different solvent 
systems. The radioactivity peak on each chromatogram corre- 
sponded to the Rr for pyrrolidone carboxylic acid (ether-acetic 
acid-water, (13:3:1), Re = 0.45; butanol-acetic acid-water, 
9:1:2.5, Re = 0.50; water-saturated lutidine-collidine, 3:1, Rp = 
0.52). 

A portion of the eluant from the 1R-45 column was refluxed 
with 6 N HCl for 2 hours. Equal portions of this hydrolysate 
were added to 200 mg samples of unlabeled L-glutamic acid and 
unlabeled p-glutamic acid. The samples containing the hydrol- 
ysate plus either p- or L-glutamic acid were recrystallized several 
times, as the hydrochloride and the free acid (12). The resulting 
glutamic acid samples were assayed for radioactivity with a 
vibrating reed electrometer. In each case, approximately 98 to 

% of the total radioactivity was recovered as p-glutamic 
acid. 

Conversion of D-Glutamic Acid to p-Pyrrolidone Carboxylic Acid 
in Vitro—Slices (25 uw thickness) of rat liver, 100 mg each, were 
placed in flasks containing 1 ml of Krebs-Ringer phosphate 
buffer, pH 7, and 0.1 ml of p-glutamic acid-2-C™ (100 muc, 0.6 
umole). One of the flasks was heated on a steam bath for 1 
minute before addition of the p-glutamic acid-2-C™. <A flask 


containing only 100 myc of p-glutamic acid-2-C" in a total vol- 
ume of 1.1 ml of buffer solution was also prepared. The flasks 


were incubated at 37°, with shaking, for 7 hours. After incuba- 
tion, the samples were centrifuged and the supernatant solutions 
were decanted and saved. 

From each sample, one-half of the supernatant solution was 
passed onto a column containing 5 ml of Dowex 50 resin (50 to 
100 mesh; H+ form). This column adsorbed glutamic acid but 
not pyrrolidone carboxylic acid. The column was washed with 
about 20 ml of water; the effluent and washings were collected 
and assayed for C'. Radioactivity was detected only in the 
solution obtained from the incubation of liver slices with p- 
glutamic acid-2-C". No radioactivity was detected in those ob- 
tained from the incubation of p-glutamic acid-2-C" alone or with 
preheated tissue slices. The solutions possessing radioactivity 
were lyophilized to a volume of about 0.5 ml, and aliquots were 
chromatographed in several solvent systems. In each solvent 
system (butanol-acetic acid-water, 9:1:2.5, water-saturated 
lutidine-collidine, 3:1, ether-acetic acid-water, 13:3:1), the 
radioactivity moved to a height corresponding to the Rr of 
pyrrolidone carboxylic acid. 

The remaining supernatant solution from each incubation flask 
was lyophilized to a volume of about 0.5 ml. Aliquots from each 
sample were chromatographed in two solvent systems, 76% 
ethanol and butanol-acetic acid-water, 9:1:2.5. The radio- 
activity was found to correspond to the Rr of glutamic acid only 
in those samples where boiled liver slices or where no liver tissue 
had been incubated with p-glutamic acid-2-C“. However, two 
radioactivity peaks of similar height and width were detected 
upon chromatography of the sample obtained by incubating 
liver tissue with p-glutamic acid-2-C“. One corresponded to the 
Ry of glutamic acid and the other to the Ry of pyrrolidone car- 
boxylic acid. 

Similar results have been obtained with rat kidney slices. 


RESULTS AND DISCUSSION 


In Table I are presented data concerning the animals used, 
isotopic material injected, and CO, and pyrrolidone carboxylic 
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TABLE II 
Distribution of C'4 in isolated glutamic acid 
Carcass Liver 
Rat No. Isotope administered | Route of administration) Percentage of total in carbons Percentage of total in carbons 
Total Total 
1 2 4 5 1 2 3 4 5 
muc/mmole mmole 
110 L-Glutamiec acid-2- Cecum 10.6 | 29.2 | 19.5 | 33.4 | 3.2] 12.3 9.2 | 28.2 | 17.9 | 48.3 | 1.8] 43.6 
| 
111 L-Glutamic acid-2- Cecum 4.2 | 25.2 | 21.8 | 38.6} 4.2; 11.9 8.3 | 19.3 | 23.9 | 49.6 | 2.6] 46.0 
cu 
55 p-Glutamic acid-2- | Stomach tube 13.6 | 31.2 | 21.6 | 32.0 | 2.4] 12.5 | 16.5 | 25.9 | 19.4 | 37.7 | 2.4 29.7 
Cu 
114 p-Glutamic acid-2- | Stomach tube 16.3 | 34.6 | 18.2 | 23.6 | 3.6 5.5 
cus 
101 pL-Glutamie acid- | Intraperitoneal | 20.8 76.6 | 25.6 | 17.6 76.7 | 94.6 
102 pL-Glutamic acid- | Intraperitoneal | 18.1 71.0 | 27.6 | 18.0 83.0} 88.2 
5-Cl4 
107 pL-Glutamic acid- Cecum 41.5 | 6.6); 5.1 | 10.0 | 37.7 5.3 | 61.2 22.9 | 17.5 
5-Ci4 
108 pL-Glutamic acid- Cecum 39.5 | 5.9| 8.0} 35.8 4.3 | 60.5 19.0} 13.7 
5-Ci4 
125 p-Glutamic acid- Cecum 39.4 36.2 1.6 
5-Cl4 


acid excreted. The labeling patterns from experiments with 
glutamate-2-C" and glutamate-5-C™ are summarized in Table II. 

Oxidation to C4O,—Only a slight excretion of CO. was ob- 
served (Table I) when p-glutamiec acid-2-C™ was administered 
intraperitoneally (Rats 105, 106, 113) or subcutaneously (Rat 
116). Though mammalian kidney may contain oxidases for 
which p-glutamate is a substrate (16, 17), the ability of the rat 
to oxidize this moiety is certainly very limited (18, 19). It is 
reasonable to assume that when labeled pi-glutamic acid is ad- 
ministered intraperitoneally, the oxidative metabolism observed 
is almost exclusively that of t-glutamic acid. For this reason, 
no experiments were conducted in which the labeled L-isomer 
was injected intraperitoneally. In several experiments, labeled 
p-glutamate was given by stomach tube rather than by the more 
dificult cecum injection, the assumption being that any oxida- 
tive metabolism observed would be due to bacterial action on 
the unabsorbed b-isomer. 

The CO, excretion by Rat 121 (given p-glutamic acid-5-C"™ 
by stomach tube) was surprisingly low (Table I). In contrast, 
Rat 125, receiving similar treatment, excreted several times as 
much C4O.. Rat 121 was a Holtzman rat, whereas Rat 125 
was from the Memphis colony. Apparently, the bacterial flora 
of the Memphis rats have a greater capacity to metabolize 
p-glutamic acid than do those of the Holtzman animals. It is 
possible, of course, that the Holtzman strain absorbs the ad- 
ministered p-glutamate more rapidly, thus preventing it from 
reaching the bacterial flora. However, the fact that Rat 121 
excreted about as much pyrrolidone carboxylic acid as did the 
other animals given p-glutamate would argue against the latter 
explanation. 

Formation of p-Pyrrolidone Carboxylic Acid in Vivo—When 
labeled p-glutamic acid was administered in small doses intra- 
peritoneally or by stomach tube, more than 50% of the radio- 
activity was excreted in the urine in 24 hours, most (see “Experi- 


mental Procedure’’) of it as p-pyrrolidone carboxylic acid (Rats 
55, 105, 106, 113, 114). When a larger amount of p-glutamic 
acid was given subcutaneously (Rat 116) only about 50% of the 
urine radioactivity appeared as pyrrolidone carboxylic acid, and 
the remainder was probably p-glutamic acid. 

These results concur with those of Ratner (2) who first dem- 
onstrated the formation of p-pyrrolidone carboxylic acid by rats 
fed labeled pi-glutamic acid. They also indicate that trans- 
formations during absorption of, or during intestinal bacterial 
action on, p-glutamate are not needed for the synthesis of 
p-pyrrolidone carboxylic acid by the rat. Thus, rat tissue per 
se is able to form pyrrolidone carboxylic acid from p-glutamic 
acid. If p-glutamate may be considered ‘toxic,’ this acylation 
might be thought of as an intramolecular ‘detoxication’ reac- 
tion. The human apparently does not carry out this reaction, 
inasmuch as the intervenous administration of p-glutamic 
acid-1-C™ (20) resulted in the excretion of p-glutamate in the 
urine. 

Labeling Patterns in Tissue Glutamate after Administration of 
D- and L-Glutamic Acid-2-C'4—It will be noted (Table II) that 
L-glutamate-2-C"™ injected into the cecum and p-glutamate-2-C™ 
administered by stomach tube both gave labeling patterns 
similar to those previously reported for acetate-2-C™ injected 
intraperitoneally (14) and pi-glutamate-2-C™ injected into the 
cecum (1). It is apparent that carbon 2 of either p- or L-gluta- 
mate is converted to the methyl carbon of acetate by the in- 
testinal flora. Aspartic acid samples isolated from these animals 
(data not presented) had less than 50% of their C™ located in 
the carboxyl positions. These results are in keeping with the 
acetate pathway and are in sharp contrast with those obtained 
after intraperitoneal administration of pi-glutamate-2-C™ (1). 
As described previously (1), a sequence of metabolism (gluta- 
mate, methyl aspartate, mesaconate, citramalate) by cecum 
bacteria similar to that described by Barker et al. for Clostridium 
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tetanomorphum (3-5) would explain our results. However, re- 
ductive deamination of glutamate via the Stickland reaction 
(6) was also considered to be a feasible mechanism (1). 

Labeling Patterns in Tissue Glutamate after Administration of 
pxL-Glutamic Acid-5-C'—These experiments were done in an 
effort to distinguish between the two probable pathways (see 
above) whereby carbon 2 of glutamate is converted to the 
methyl position of acetate. Glutamate-5-C™ metabolized via 
the Barker pathway (3-5) will yield pyruvate-1-C', which in 
turn will yield tissue glutamic acid labeled chiefly in carbon 1 
(15). In contrast, reductive deamination should yield glutarate- 
1,5-C™ and subsequently acetate-1-C™ and (1). Because 
C40, labels tissue glutamate less readily than acetate-1-C™ (15), 
the pattern found in tissue glutamate should resemble that of 
acetate-1-C", in which the activity of carbon 5 is approximately 
twice that of carbon 1 (15, 21-23). The contribution from CO, 
would tend to lower this ratio slightly. 

As shown in Table II, when pi-glutamate-5-C™“ was given 
intraperitoneally (Rats 101, 102), tissue glutamic acid was 
labeled primarily in the carboxyl positions, the carbon 5 to 
carbon 1 ratio being about 4:1. This labeling is due to the 
metabolism of t-glutamic acid-5-C™ (see above), the C™ in 
carbon 1 resulting from partial equilibration with Krebs cycle 
intermediates before protein synthesis. 

Injection of pi-glutamate-5-C™ into the cecum gave carbon 
5 to carbon 1 ratios of about 1:1 (carcass) and 1:3 (liver). AI- 
though the rate of C“O:2 production was actually greater after 
injection into the cecum (Table I), the isolated tissue glutamates 
had less than one-fifth the specific activity of the glutamates 
obtained from the animals given intraperitoneal injections 
(Table II). 

As mentioned above, metabolism of pi-glutamate-5-C™ via 
the Barker pathway (3-5) should yield pyruvate-1-C™% and 
subsequently glutamate labeled primarily in carbon 1. Al- 
though the labeling in tissue glutamate after injection of glu- 
tamic acid-5-C™ into the cecum is not entirely in carbon 1, the 
data are compatible with the postulate that over 90% of the 
injected (cecum) glutamate oxidized to C“O, was metabolized 
via the mesaconate route of Barker. The reasoning is as follows. 

First, although the animals (Rats 107, 108) receiving a cecum 
injection excreted more COz, the specific activity of carbon 5 of 
tissue glutamate was only one-tenth (carcass) to one-twentieth 
(liver) of that of the animals (Rats 101, 102) receiving an intra- 
peritoneal injection. Since these animals were of comparable 
size, it is reasonable to conclude that less than 10% of the CO, 
excreted by Rats 107 and 108 resulted from the catabolism of 
glutamate-5-C™ via a-ketoglutarate to succinate.? 

Secondly, the two sets of animals have markedly different 
“corrected specific activities” (15) of carbon 1 of the carcass 
glutamates. These “corrected activities” are 153 and 114 for 
Rats 101 and 102 and 26 and 32 for Rats 107 and 108, respec- 
tively. The high values are equal to or greater than those for 
acetate-1-C™ (25). The smaller values are in essence identical 
with those reported for alanine-1-C™ and are, therefore, com- 
patible with the formation of pyruvate-1-C™ from glutamate- 
5-C4, The concept of “corrected specific activity” has been 
discussed previously (15, 25). 

Thus, it is likely that a small amount of the glutamate in- 
jected into the cecum was converted to protein unchanged or 


2 For complete discussion, see Wilson (24). 
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was metabolized via a-ketoglutarate and succinate, both routes 
readily labeling carbon 5 of glutamate. However, the major 
catabolism was via a pathway in which carbon 5 of glutamate 
was catabolized to CO, without the intermediate conversion to 
carbon 5 of a-ketoglutarate. 

Labeling Pattern after Administration of p-Glutamic Acid-5-C¥ 
—It was the opinion that since p-glutamate is not converted to 
a-ketoglutarate, or undergoes such conversion very slowly, ad- 
ministration of the 5-labeled compound would result in tissue 
glutamate labeled largely in carbon 1. Such was not the case 
(Rat 125), the results being similar to those described above for 
the pLt-compound. It is not known why radioactivity was 
found in carbon 5, although there are several possibilities. The 
incorporation of some labeled p-glutamate into protein (un- 
likely), the contamination of tissue protein with traces of the 
p-glutamate-5-C™, the presence of small amounts of an oxidase 
for p-glutamate in the bacterial flora or the animal tissues, or 
the catabolism of a small amount of contaminant L-glutamate- 
5-C' might account for the minute activity observed in carbon 
5 (Rat 125). Despite the labeling in carbon 5, however, the 
data from Rat 125 support those previously discussed for Rats 
107 and 108. 

At present we are unable to explain why the glutamic acids 
isolated from Rats 107, 108 and 125 had considerable noncar- 
boxyl radioactivity. 

Formation of p-Pyrrolidone Carboxylic Acid in Vitro—Evidence 
has been presented for the enzymatic formation of p-pyrrolidone 
carboxylic acid from p-glutamic acid by slices of rat liver and 
kidney (see “Experimental Procedure’’). These results are in 
accord with those obtained in vivo (see above). 


SUMMARY 


CO, excretion, pyrrolidone carboxylic acid formation, and 
tissue glutamic acid labeling patterns have been determined 
after administration, by various routes (intraperitoneal, sub- 
cutaneous, stomach tube, cecum injection), of p- and L-glutamic 
acid-2-C™ and pL- and p-glutamic acid-5-C™%. The results sug- 
gest the following. 

1. The ability of rat tissue to oxidize p-glutamate is, at most, 
very limited. 

2. Intestinal bacteria metabolize both p- and L-glutamate by 
a pathway in which carbon 2 becomes the methyl carbon of 
acetate and carbon 5 becomes the metabolic equivalent of the 
carboxyl of pyruvate. This is compatible with the mesaconate- 
citramalate pathway of Barker et al. (3-5). 

3. Inasmuch as p-pyrrolidone carboxylic acid is formed after 
intraperitoneal or subcutaneous administration of p-glutamate, 
rat tissue per se catalyzes this transformation. 

p-glutamic acid is enzymatically converted to p-pyrrolidone 
carboxylic acid by slices of rat liver and kidney. 
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The labeling patterns found in tissue glutamate, aspartate, 
and alanine after administration of glutaric acid-3-C™ to male 
rats (1) indicated that the major catabolic route of glutarate is 
via acetate (2) and not via a direct conversion to the carbon 
chain of a-ketoglutarate (3-5). In further studies on the me- 
tabolism of glutarate-3-C"™ in rats, we have observed the forma- 
tion of urinary acetyl groups labeled in the carboxy] position and 
of urinary acetoacetate labeled chiefly in the carbonyl carbon. 
Also, rat liver mitochondria have been found to form acetoace- 
tate, labeled predominately in the carbonyl] carbon, from gluta- 
rate-3-C™. To date, our efforts to implicate acetonedicarboxylic 
acid or $8-hydroxyglutaric acid as intermediates in glutarate 
catabolism have been unsuccessful. 


EXPERIMENTAL PROCEDURE 


Preparation of Compounds Used—The synthesis of glutarate- 
3-C™ has been described (1). The two preparations used had 
specific activities of 330 and 368 ue per mmole. 

Acetonedicarboxylic acid was prepared from citric acid (6) 
and recrystallized from ethyl acetate. 

8-Hydroxyglutaric acid was prepared in 70°% yield by the 
reduction of acetonedicarboxylic acid (sodium salt) in aqueous 
solution with 2 moles of NaBH, (7). After the addition of 
NaBH,g, the solution was stirred at room temperature for 1 to 2 
hours, heated on a steam bath for 3 hours (to decompose the 
intermediate borate complex (7)), acidified to pH 2 with H.SO,, 
concentrated to dryness under vacuum, and the residue extracted 
with boiling ethyl acetate. Most of the boric acid which dis- 
solved in ethyl acetate precipitated when the solution was con- 
centrated and cooled. Concentration of the remaining solution 
to dryness under vacuum followed by trituration of the residue 
with cold ether yielded a white product which gave a single 
spot on paper chromatography in butanol-acetic acid-water, 
9:1:2.5, and a single peak on Celite chromatography (8). This 
crystalline product melted at 87° to 91°, a range which is con- 
siderably lower than the reported value of 95°. In some prepa- 
rations a product melting at 92 to 93° was obtained. It is felt 
that these low melting points may have been due to traces of 
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boric acid. Oxidation with dichromate in the presence of 
HgSO, gave the mercury-acetone complex (9). 

Sodium acetoacetate was prepared by hydrolysis (10) of 
acetoacetic ester at room temperature with 0.5 Nn NaOH followed 
by lyophilization of the solution to remove ethanol. 

Cyclohexyl-L-alanine was prepared by reduction of L-tyrosine 
(11) and was acetylated by conventional methods. 

Degradation Procedures—Acetoacetic acid and acetonedicar- 
boxylic acid were decomposed by heat, and the liberated CO, 
was trapped in alkali. Before heat decomposition, preformed 
CO, was removed by sweeping the cold solutions, at pH 3, with 
CO.-free air. In some instances the acetone was swept out and 
trapped in cold H,O; in others the mercury-acetone complex 
was prepared (9). 

The middle three carbons of 6-hydroxyglutaric acid were con- 
verted to the mercury complex of acetone by dichromate oxida- 
tion (9). 

Acetone was oxidized to iodoform and acetate with NaOI. 
After filtration of the iodoform precipitate, acetic acid was re- 
moved from the acidified filtrate by steam distillation and, in 
some instances, was purified by chromatography on Celite (8). 
The iodoform was recrystallized from ethanol-water. The 
dinitrophenylhydrazone of acetone was prepared by conven- 
tional methods. Acetone was recovered from its mercury com- 
plex or from its dinitrophenylhydrazone by steam distillation 
from 2 N HCI. 

Acetyleyclohexylalanine (approximately 1 mmole) was hy- 
drolyzed by heating under reflux with 10 ml of 10% H.SO, for 
1 hour. Acetic acid was recovered by steam distillation and 
purified by Celite chromatography (8). 

Acetate was decarboxylated by the Schmidt reaction (12). 


Some of the methyl amines produced during the degradation of | 


acetate were trapped in 1 N HCl and the resulting hydrochloride 
was oxidized to CO2 by the method of Van Slyke et al. (13, 14). 

Animal Experiments—Male albino rats were used. Rats 81, 
87, and 92 were from the Memphis colony (of Wistar origin). 
All the other rats were obtained from the Holtzman Company. 
Three animals (Rats 81, 87 and 92) were each given a diet con- 
taining 1 to 1.5 g of cyclohexyl-t-alanine over a period of 4 
days, during which time urine was collected. On the second 
day each rat received, by intraperitoneal injection, 5.9 ye (18 
umole) of sodium glutarate-3-C’%. The 4-day urine was made 
alkaline, extracted with ether, acidified, and continuously ex- 
tracted with ether for 24 hours. Ether was removed from the 
acid extract and the colored residue was subjected to chromatog- 
raphy over Celite (8) with ether as the mobile phase. The 
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TABLE I 
Data obtained from rats given glutaric acid-3-C'4 and large dose of acetonedicarborylic, B-hydroryglutaric, or acetoacetic acid 
Urine excretion data 
Amount Glutaric | Injec- Duration | Car- 
isolated giuta- | cata- rom | acetate| from aceto- 
activity rate holite acetone from acetone acetate 
§ jacetone 
g mmole pc % hrs mmole myuc/mmole 
127 280 | Acetonedicarboxylic | 2.5 | 23.6 7.9 | 43 4.4 0.5 0 | 2.2¢ 
131 370 | Acetonedicarboxylic | 2.6° | 11° 36 Qe 2.2 0.9 0 
133 | 320 | 6-Hydroxyglutaric | 2.5¢| 12.8¢/56 | 53 | 2.8 | 1.2 9 
141 253 | B-Hydroxyglutaric 2¢ 11.8¢ | 47 25 3.8 1.2 24.6 0.32 
139 170 | Acetoacetic 2 4.7 | 58 13 0.9 0.36 (0.28)¢ 697 483 | 0.5 135 
140 123 | Acetoacetic e. 12.8 | 42 13 2.3 0.49(0.05)¢ 1740 1355 0 111 
os ~ «Too low for accurate measurement. These samples may have had no radioactivity. 
> The glutaric acid-3-C'* was given 15 minutes before the acetonedicarboxylic acid. 
)) of e¢ This animal died of suffocation. The exact time of death is not known. 
owed ¢ Given in 2 doses, 3.5 hours apart. 
¢ Figures are based on CO: release; those in parentheses are based on recovery of the mercury-acetone complex. 
osine 
acetyl derivative was removed from a 1 X 25-cm Celite column liver according to the procedure of Schneider and Hogeboom 
licar- by approximately 50 ml! of ether after an initial 10 ml forerun. (15, 16) with isotonic sucrose containing 0.002 m Tris buffer. 
CO, This procedure removed some colored material and partially The various mixtures (for composition, see Table II) were in- 
rmed ff purified the acetyl derivative. The fractions containing sodium cubated ity standard Warburg flasks for 3 hours at 30°, CO, 
with acetyleyclohexylalanine were treated with charcoal, concen- being trapped in alkali. These mixtures were then treated with 
tand | trated, and acidified. The crystalline precipitate was diluted an equal volume of 95% ethanol, allowed to stand at least 2 
nplex about 10-fold with carrier and recrystallized to constant specific hours, and centrifuged. The supernatant solutions were then 
activity from water or ethanol-water. treated with 0.3 to 1.2 mmoles of carrier acid. 
> con- Two animals (Rats 127 and 131) received glutarate-3-C™ and In Experiments 5 and 6 (Table II) these solutions were made 


xida- 2.5 to 2.6 mmoles of sodium acetonedicarboxylate by intraperi- 0.1 N with NaOH and allowed to stand for 0.5 hour to insure 
toneal injection. In the case of Rat 127, the two were adminis- hydrolysis of any CoA esters (17). All the solutions were con- 


‘aOl. | tered simultaneously, whereas Rat 131 received the glutarate-3- centrated to dryness either by an air jet at room temperature 
us Te- (415 minutes before the acetonedicarboxylate was administered. (for 8-hydroxyglutarate) or by lyophilization (for the keto 
id, in | The urine samples were frozen during the collection pe- acids). 

e (8). riod. Acetonedicarboxylic acid was isolated from the urine of The residues were used for the degradation of the keto acids 


The Rats 127 and 131, all steps being conducted in the cold room. and isolation and degradation of 6-hydroxyglutaric acid (see 
nven- The urine was passed through a 2.5  17-cm column of Am- above). In Experiments 5a and 5d (Table II) the acetonedicar- 
com- berlite IR-120 (H+ form). The effluent and washings were _ boxylic acid was reduced (see above) to 8-hydroxyglutaric acid. 
lation combined and lyophilized to dryness. The residue was chro- The latter was then isolated and degraded. In Experiments 
matographed on a Celite column (0.9 K 30 cm) (8). The ace- 5c and 5d (Table II) the dinitrophenylhydrazone of acetone was 
s hy- tonedicarboxylic acid peak came shortly after that of glutaric — recrystallized to constant specific activity and then degraded 


O, for acid. to acetate and iodoform. | 
1 and Two animals (Rats 133 and 141) received, by intraperitoneal Carbon Analysis and Assay of Radioactivity—Carbon analyses 
injection, glutarate-3-C™ and 2 to 2.5 mmoles of sodium B-hy- and C"™ assays involved manometric measurement of CO. and 
(12). | droxyglutarate in 2 equal doses, 3.5 hours apart. The urine determination of radioactivity with a vibrating reed electrom- 
ion of | samples were passed over a 2.5 X 17-cm Amberlite IR-120 eter (18). 
loride (H* form) column and the effluent and washings concentrated 
3, 14). to dryness under vacuum. The residue was then fractionated RESULTS AND DISCUSSION 


ts 81, over Celite (8). @-Hydroxyglutaric acid was eluted slowly from The results are presented in Tables I, II, and III. All the 
rigin). Celite, the peak coming considerably after that of malonic acid data have been corrected for any dilutions which were made 
pany. (8). during isolation or degradation. 
t con- Two animals (Rats 139 and 140) were fasted for 48 hours Formation of Urinary Acetyl Groups—The data presented in 
| of 4 | before the intraperitoneal administration of glutarate-3-C“ and Table III clearly substantiate our earlier conclusion (1) that 
econd | about 2 mmoles of sodium acetoacetate. The urine samples carbon 3 of glutarate is catabolized via the carboxy] position of 
ic (18 were collected (frozen) and treated with CuSO, and Ca(OH). acetate. 
made } (9). The filtrate was acidified to pH 3 and swept with CO.-free Oxidation of Glutarate-3-C'\—The O- uptake by mitochondria 
ly ex: | air. Urinary acetoacetate was then decomposed as described in the presence of glutarate was investigated in preliminary ex- 
m the | above. Further details concerning the animal experiments are periments. A slight increase over the control values was ob- 
natog- _—«~resented in Table I. served. The omission of ATP or cytochrome c from all the 
The Experiments in Vitro—Mitochondria were isolated from rat incubation mixtures depressed O, uptake, whereas the addition 


te 


TABLE II 
Oxidation of glutaric acid-3-C* by rat liver mitochondria 

Incubations were conducted at 30° at pH 7.3 for 3 hours in stand- 
ard Warburg flasks. Each mixture had a final volume of 3 ml, 
and contained, (exceptions are described in footnotes) in zmoles, 
the following: phosphate, 30; MgCl., 12; ATP, 12; cytochrome c, 
0.03; sucrose, 250 to 500; Tris buffer, 2. Each mixture also con- 
tained the mitochondria from 0.5 g of rat liver and 36 uwmoles of 


glutaric acid-3-C™ (2.36 ue). 
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| Degradation data 
“uo 
ment Trapping acid added formed Carboxyl |Acetone, 
No. | carbons ES 
| carbon 3 3 8 
| umoles &% C added to incubation mixture 
la None | 1.8 
1b None | 8.2 
2a® None | 5.4 
3a None 1.4 | 0.06¢ | 0.74¢ 
None 3.5 
2b | Acetonedicarbox- 60 "| 0.6 | 0.04 | 0.46 
vlic 
4b* | Acetonedicarbox- 60 0 0.15 
ylic 
4c | Acetonedicarbox- 10 | 2.5 | 0.04 | 0.42 
ylic 
4d Acetonedicarbox- 10 0.6 0.05 | 0.46 
ylic 
5a Acetonedicarbox- 10 | 0.4 04 
ylic 
5b Acetonedicarbox- 04 
ylic 
| B-Hydroxyglutaric | 60 | 2.8 
6a | B-Hydroxyglutaric | 60 1.0! 0.03 | 0 
6b 8-Hydroxyglutaric | 60 0.9 / 0.04 | 0 
| Acetoacetic 35 | 0.138 | 0.41 | 0.35 | 0 
5d¢ | Acetoacetic 35 0.3 0.12 | 0.40 | 0.34! 
7a Acetoacetic 17 1.3 | 0.07 0.42 | 0 
7b Acetoacetic 34. 0.7 | 0.10 0.57 | O 
7c Acetoacetic 51 | 0.5 | 0.09 0.51 | 0 
8a* | Acetoacetic 17 1.9 | 0.08 | 0.53 
8b Acetoacetic 17 | 0.6 | 0.14 | 0.71 


@ Fumarate, 1.5 wmoles per flask was added. 
> Instead of 36 umoles, 6 wmoles of glutaric acid were added. 
¢ From acetonedicarboxylic acid added as carrier. 
¢ Acetone was prepared from 8-hydroxyglutaric acid obtained 
from the reduction of acetonedicarboxylic acid (See ‘‘Experimen- 


tal Procedure’’). 


* Instead of 36 wmoles, 42 umoles of glutaric acid were added. 


TABLE III 


Radioactivity in urinary acetylcyclohexryl-t-alanine after 
administration of glutaric acid-3-C' 


‘Rat 81 Rat 87 Rat 92 
myuc/mmole | muc/mmole | muc/mmole 
Acetyleyclohexyl-t-alanine..... 41.5 21.0 29.4 
Carbon | of acetyl............. 39.3 17.7 30.3 
Carbon 2 of acetyl............. | 0.4 lost 0 


of CoA or DPN and nicotinamide failed to enhance the uptake. 
As expected, “sparking” with the dicarboxylic acids caused an 
increase in OQ, uptake, fumarate being the most effective. Pyru. 
vate did not have a “‘sparking”’ effect. 

The oxidation of glutarate-3-C'™, as measured by CO, pro. 
duction, is shown in Table II. The same mitochondrial prepa. 
ration was used in experiments with the same number. The 
addition of the nuclear or soluble supernatant fractions to the 
mitochondrial preparations did not increase CO. production 
(data not shown). The “sparking” effect of fumarate is shown 
in Experiments la and 1b. A 10-fold excess of acetonedicar. 
boxylic acid, with respect to glutaric acid (Experiments 2a and 
2b), sharply depressed glutarate oxidation. When the ratio of 
these acids was decreased (Experiments 4a, 4b, and 4c), the 
inhibition of CO. production was decreased. Studies in vino 
(Table I) also indicated that acetonedicarboxylate inhibits 
glutarate oxidation. Untreated rats converted over 40% of a 
tracer dose of glutarate-3-C™“ to CO, in 2 hours (1). In one 
experiment (data not shown), a dose of acetonedicarboxylic 
acid, slightly greater than that given Rats 127 and 131, dimin- 
ished the C'4O, excretion virtually to zero. Because of this ob- 
servation, Rat 131 was given glutaric acid-3-C™ 15 minutes 
before acetonedicarboxylic acid to assure the presence of labeled 
metabolites. We have observed that acetonedicarboxylic acid, 
in doses of 1 mg per g of body weight, does not greatly depress 
the oxidation by rats of labeled acetate, pyruvate, or glutamate 
(data not presented). 

Glutarate oxidation is moderately inhibited in vivo (Table I) 
and in vitro (Table II, Experiments 2a and 2c) by the presence 
of B-hydroxyglutaric acid. 

The release of CO. from glutarate-1 ,5-C™ by rat liver mito- 
chondria has been reported by Rothstein and Greenberg (19). 

The administration of acetonedicarboxylic or 8-hydroxyglu- 
taric acid with labeled glutaric acid enhanced the urinary excre- 
tion of C' (Table I). Whereas an animal given labeled gluta- 
rate alone excreted less than 10% of the dose in the urine in 24 
hours (data not shown), the treated rats excreted much more. 
In the case of Rat 127, most of the C™ in the urine was found 
in glutaric acid. 


Labeling in Acetonedicarborylic Acid and B-Hydroxyglutare | 


Acid—As shown in Tables I and II, all efforts to demonstrate 
the formation in vivo or in vitro of acetonedicarboxylic acid or 
B-hydroxyglutaric acid labeled in carbon 3 from glutarate-3-C" 


failed. When acetonedicarboxylic acid was added to mitochon- | 


drial preparations as trapping agent, labeled acetone was isolated 
(Table II, Experiments 26, 3a, 4b, 4c, and 4d). However, this 
labeled acetone did not come from acetonedicarboxylic acid, 
since reduction with NaBH,, isolation of the resulting §-hy- 
droxyglutaric acid, and subsequent preparation of acetone from 
the latter yielded a product devoid of radioactivity (Table II, 
Experiments 5a and 5b). It should be noted that in the crucial 
experiments (Nos. 5 and 6) care was taken to hydrolyze any CoA 
esters before isolating and degrading the various acids (see 
“Experimental Procedure’’). Although the B-hydroxyglutarate 
peaks obtained from urine or mitochondrial incubations 

small amounts of activity, the acetone prepared from these 
peaks had no activity. The results do not support the postu- 
late (1, 2) that these acids are intermediates in glutarate catabo- 
lism. However, the data should not be construed as conclusive 
evidence against such a catabolic route since equilibration be- 
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tween endogenous and carrier acid may not have occurred (20- 
92). Some preliminary evidence has been presented which 
suggests that B-hydroxyglutarate is an intermediate in glutarate 
catabolism (19, 23). 

The minute amount of C' found in the carboxyl positions of 
g-hydroxyglutarate (Table II, Experiments 6a and 66) may 
have resulted from COQ, fixation (24). 

Labeling in Acetoacetic Acid—Glutarate-3-C" was readily con- 


| verted, in vivo and in vitro, to acetoacetate containing C™ in the 


carboxyl and carbonyl carbons (Tables I and II). The ratios 
of carbonyl to carboxyl radioactivities were invariably greater 
than 3. Ratios of this magnitude are obtained only when the 
terminal 2-carbon unit of a fatty acid is appropriately labeled 
(e.g. octanoate-7-C™, butyrate-3-C™) (25-28). This phenome- 
non has been explained in several ways (25, 29, 30). A detailed 
discussion is beyond the scope of this manuscript. The essence 
of the matter is that carbon 3 of butyryl-CoA is converted to 
the carbonyl position of acetoacetyl-CoA. Subsequent cleavage 


and resynthesis of acetoacetyl-CoA does not completely ran- 


domize the carbonyl and carboxyl carbons. Therefore, our 
results indicate that the carbon chain of glutarate remains intact 
during its conversion to acetoacetate. They are compatible 
with the formation of acetoacetate from glutarate via either 
acetonedicarboxylate (1, 2) or ethylmalonate (31, 32). How- 
ever, the data presented here appear to rule out the possibility 
that a malonyl derivative is formed in considerable amount 
during glutarate catabolism (via acetonedicarboxylic acid) (1, 
24). If malonyl-CoA is formed from glutarate, it would have 
to be preferentially converted to the carbonyl portion of aceto- 
acetate. Current concepts concerning the metabolism of malo- 
nate (33) make this highly improbable. 


SUMMARY 


When male rats were given glutaric acid-3-C™ and either 
cyclohexyl-L-alanine, acetoacetic acid, acetonedicarboxylic acid, 
or B-hydroxyglutaric acid, urine analysis gave the following 
results: 

1. The acetyl moiety of acetylcyclohexyl-L-alanine was la- 
beled in the carboxy] carbon. 

2. Acetoacetic acid was labeled in the carbonyl and carboxyl 
carbons, the carbonyl] to carboxy] ratio being at least 5:1. 

3. The three middle carbons of acetonedicarboxylic and 
8-hydroxyglutaric acids contained no detectable 

When rat liver mitochondria were incubated with glutarate- 
and either acetoacetic, acetonedicarboxylic, or B-hydroxy- 
glutaric acid, the following results were obtained: 

1. Acetoacetic acid was labeled in the carbonyl and carboxy] 
carbons, the carbonyl to carboxyl ratio being at least 3:1. 

2. The three middle carbons of acetonedicarboxylic and 
B-hydroxyglutaric acids contained no detectable C™. 

These results indicate that glutarate is converted to acetate 
via acetoacetate. 


Addendum—Recently, we have administered to rats, and 
incubated with rat liver mitochondria, ethylmalonate and 
glutarate-3-C“. Ethylmalonic acid was isolated from urine or 
the mitochondrial incubation mixtures, decarboxylated to bu- 
tyric acid, and the latter assayed for radioactivity. None of the 
butyrate samples contained significant radioactivity. Of inter- 
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est is the recent demonstration that extracts of Pseudomonas 
fluorescens convert glutaryl-CoA to CO:2 and two moles of acetyl- 
CoA (34). 


1. 


25. 


34. 
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A Requirement for Reduced Triphosphopyridine Nucleotide for 
Cholesterol Side-chain Cleavage by Mitochondrial 


Fractions of Bovine Adrenal Cortex* 
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Available evidence indicates that the rate-limiting step in 
corticosteroidogenesis, upon which adrenocorticotrophic hor- 
mone! acts, involves the conversion of cholesterol to A5-pregnen- 
olone rather than the subsequent oxidation of pregnenolone to 
progesterone, or the hydroxy¥lation of progesterone at C-17, 
C-21, and C-11 (1,2). Considerable insight has been gained 
into the enzymology involved in the conversion of pregnenolone 
to adrenocortical steroid hormones; the 3@6-hydroxy oxidation 
involves a diphosphopyridine nucleotide-linked dehydrogenase 
(3), and the hydroxylations have been shéwn to have a specific 
requirement for reduced triphosphopyridine nucleotide and 
molecular oxygen (4, 5). In contrast, there is little detailed 
information on the enzymatic requirements for cholesterol side- 
chain cleavage to yield pregnenolone. This cleavage reaction 
has been observed in nonparticulate fractions of bovine adrenals 
which required DPN + adenosine triphosphate for activity (6) 
and in bovine adrenal cortex mitochondrial preparations, in the 
presence of Mg*+* and fumarate (7). It has been suggested that 
hydroxylation at C-20 precedes side-chain cleavage by a C-20, 
22-desmolase, and a radioactive product designated as 208- 
hydroxycholesterol* has been isolated from adrenal homogenates 
incubated with radioactive cholesterol (9). Since all the adrenal 
steroid hydroxylations involve TPNH (4, 5, 10), a C-20 hydroxyl- 
ation preceding side-chain cleavage might also require TPNH 
and molecular oxygen. As current theories of ACTH action 
involve, in one way or another, the regulation of TPNH availa- 
bility for corticosteroidogenesis (11, 12), it was of interest to 
determine whether the side-chain cleavage reaction which is 
influenced by ACTH does indeed show a TPNH requirement. 
The present results demonstrate that the transformation of 
cholesterol to pregnenolone in bovine adrenal cortex occurs in the 
mitochondrial fraction and has an absolute requirement for 
TPNH. A preliminary account of this work has been published 
(13). 


* This research was supported in part by the United States 
Public Health Service. 

t The data presented have been taken in part from a thesis by 
I. D. K. Halkerston, submitted in partial fulfillment for the degree 
of Doctor of Philosophy, Boston University, Boston, Massa- 
chusetts. 

1 The abbreviation used is: ACTH, adrenocorticotrophic hor- 
mone. 

2 It is possible that the product is the 20a isomer. For a dis- 
cussion of 20-hydroxycholesterol isomers see Fieser and Fieser (8). 


EXPERIMENTAL PROCEDURE 


Preparation of Tissue Fractions—Bovine adrenal glands ob- [ 


tained from the slaughter house within 20 minutes of death were 
transported to the laboratory in ice-cold 0.154 m NaCl or 0.44 
M sucrose. Cortical tissue was separated from the medullary 
component, chopped finely, and homogenized in an all glass 
Potter-Elvejhem apparatus using 2 volumes of homogenizing 
medium, all operations being carried out in the cold. The 
homogenizing medium used was either: (a) 0.44 M sucrose (pure 
sucrose medium), or (b) 0.44 m sucrose containing 0.001 x 


ethylenediaminetetraacetic acid, 0.005 mM potassium fumarate, © 


0.005 mM niacinamide, and 0.007 m phosphate buffer pH 7.4 
(supplemented sucrose medium). 
Homogenates were filtered through two layers of nylon cloth 


to remove connective tissue and unbroken cells, and the filtrates F 
were fractionated by differential centrifugation (Spinco L pre- f 


parative centrifuge), all procedures being carried out at or near 
0°. The centrifugal forces used were based on those given by 
de Duve and Berthet (14) for 0.25 m sucrose media, modified by 
a factor taking into account the greater density and viscosity of 
the 0.44 m sucrose medium used in the present studies. The 
following operationally defined fractions were obtained. A 
particulate fraction sedimented at 1200 x g for 30 minutes, 
resuspended in fresh 0.44 m sucrose, and centrifuged again at 
1200 x g for 15 minutes was designated the ‘‘nuclear’’ fraction. 
The washed pellet contained an upper loosely packed layer 
which was removed and treated as a separate fraction (nuclear 
fluff). The supernatant from the initial sedimentation of the 
nuclear fraction was then centrifuged at 16,000 x g for 20 min- 
utes; the resultant pellet was washed twice by resuspension i 
fresh 0.44 m sucrose and resedimented at 13,500 x g for 2 
minutes. After the first wash, an upper loosely packed layer 
referred to as the “mitochondrial fluffy layer’’ fraction was 
removed. The firmly packed material was washed again (wash- 
ings discarded) yielding the “mitochondrial” fraction. The 
supernatant from the initial sedimentation of the mitochondrial 


pellet was centrifuged at 105,000 x g for 120 minutes to sedi- 


ment the “microsomal” fraction, the resulting clear supernatant 
being designated as the “soluble”’ fraction. ; 
When required, acetone powders from each of these fractions 
were prepared as follows. The particulate fractions were 
suspended in minimal volumes of 0.15 m KCl, and after thorough 
dispersion, precipitated by 10 volumes of chilled (—10°) acetone; 
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the precipitates were collected, washed with chilled acetone, 
and dried in a vacuum. The soluble fraction was precipitated 
by 3 volumes of chilled acetone, after addition of KCl to 0.15 
u concentration, and the precipitate washed with acetone and 
dried in a vacuum. 

Incubation Conditions—Washed mitochondrial pellets, equiva- 
lent to 10 g of adrenocortical tissue, were suspended in hypotonic 
(0.025 m) sucrose (40 ml) containing 0.007 m phosphate buffer 
(7.4), 0.005 m MgSOu,, 0.005 m niacinamide, and 0.005 m fuma- 
rate (or other tricarboxylic acid cycle intermediate, or glucose- 
6-P). The suspensions were added to incubation flasks con- 
taining cholesterol-4-C™ (200,000 c.p.m.:35 yg in 0.15 ml of 
propylene glycol). The cholesterol-4-C'* was radiochemically 
homogenous on paper chromatography in ligroin-propylene 
glycol (15) and kerosene-60% aqueous n-propanol (16) systems. 
The following were added, when required, in 0.5 to 1.0 ml of 
water just before incubation: DPN, ATP, TPN, and glucose-6- 
P dehydrogenase. 

Acetone-dried preparations were incubated as homogenates in 
0.033 m phosphate buffer (pH 7.4 or 6.8) containing 0.005 m 
MgSO, and other additions as in the text. The equivalent of 5 
g of adrenal cortex tissue was incubated in a final volume of 10 
ml with cholesterol-4-C' (100,000 c.p.m.:17.5 ug) in 0.07 ml of 
propylene glycol. 

Both intact and acetone-dried preparations were incubated 
with continuous shaking for 2 hours at 37° with oxygen or air 
as gas phase. 

Extraction and Separation of Products of Cholesterol-4-C™ 
Conversion—At the end of the incubation period, unchanged 
cholesterol-4-C™ and radioactive products were extracted with 
2 volumes of chloroform-methanol (2:1) and the extraction re- 
peated with 13 volumes of solvent. The combined extracts were 
taken to dryness under reduced pressure, and cholesterol-4-C™ 
and radioactive products (C-21 steroids) were separated on silicic 
acid columns, prepared by. adding 3 g of washed and dried silicic 
acid (17) in the form of a slurry in n-hexane to a column 30 cm 
X0.8em. After running 50 ml of n-hexane through the column 
to remove nonpolar lipids, which contained no radioactivity, 
cholesterol-4-C'4 was eluted with benzene (200 ml), after which 
radioactive products more polar than cholesterol, such as preg- 
nenolone and progesterone, were stripped from the column with 
ethyl acetate (150 ml). The enzymatic activity of the prepara- 
tion was assessed by measuring the radioactivity found in the 
ethyl acetate fraction, expressed as a percentage of the total 
radioactivity added to the incubation. Control experiments in 
which 200,000 ¢.p.m. of cholesterol-4-C™ were taken through 
the separation procedure indicated that 1 to 3000 c.p.m. were 
eluted in the ethyl acetate fraction, and consequently, a process 
blank of 1.5% was routinely subtracted from the calculated con- 
version values. 

The nature of the products formed was evaluated with the 
use of the paper chromatography systems of Zaffaroni and Burton 
(15) and celite partition columns, as described by Simpson and 
Tait (18). In the case of some products, the homogeneity and 
identity of fractions obtained from these procedures were ex- 
amined by mixing with authentic tritiated compounds followed 
by rechromatography on celite columns. The radioactivity in 
serial cuts (1 ml) of the eluates was determined by counting 
aliquots in a windowless gas flow counter (Tracerlab, Inc.) which 
recorded the total radioactivity caused by C“ and H? and in a 
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micromil end window gas flow counter (Nuclear-Chicago Cor- 
poration) which recorded only counts caused by C™. The dis- 
tribution of radioactivity in the effluents was plotted in terms of 
C4 + H3, and C* alone, expressed as a percentage-of the total 
radioactivity eluted, and the diagram was examined for evidence 
of dissimilar distribution of C' and 

The products thus defined refer to C-21 steroids arising as a 
result of cholesterol side-chain scission, and do not include modi- 
fications of the cholesterol molecule before this event, such as 
hydroxylation at C-20 or other points. To determine whether 
products of a polarity intermediate between cholesterol and 
progesterone were present in addition to cholesterol, the benzene 
eluates from the silicic acid columns were fractionated by reverse 
phase paper chromatography with the system (kerosene-60% 
aqueous n-propanol) described by Martin (16). 

Sources of Special Compounds Used — Cholesterol - 4 -C™ 
(4.8 we per mg), Beta Laboratories, Inc.; progesterone-16-H?* 
(0.8 me per mg), Medical Research Council, Great Britain; 
pregnenolone-7-H* (20.0 mc per mg) generously supplied by 
Dr. Marcel Gut, Worcester Foundation for Experimental Biology; 
DPN and ATP, Nutritional Biochemicals Corporation; TPN, 
glucose-6-P, and glucose-6-P dehydrogenase (Type V 800 Korn- 
berg units per g) from Sigma Chemical Company. 


RESULTS 


Intact Preparations—In confirmation of previous reports (7), 
cholesterol-4-C™ conversion required, in addition to Mgt, 
fumarate or certain other tricarboxylic acid cycle intermediates 
(Table I). Since this latter requirement could be abolished by 
the addition of an exogenous TPNH-generating system (Table 
I), it appeared that the effect of the tricarboxylic acid cycle inter- 
mediate was to support a mitochondrial TPNH-generating 
system involving endogenous TPN. From the results in Table 
I, it would appear that endogenous TPN is not seriously de- 
pleted from the mitochondrial preparations during incubation 
under hypotonic conditions, since added TPN or DPN + ATP 
had only a relatively small stimulatory effect. Furthermore, 
the endogenous TPN could not support cholesterol conversion 


TABLE I 
Cholesterol-4-C'* conversion by intact mitochondrial preparations 
Additions to basic medium* eee 
% 
Fumarate + DPN (0.5 mm) + ATP (1.0 mm)... 11.5 
Fumarate + TPN (0.6 mMm)..................... 16.4 
a-Ketoglutarate (0.005 8.4 
Isocitrate + TPN (0.5 mM).................... 11.6 
Isocitrate (0.005 1.7 
Glucose-6-P (0.005 m) + glucose-6-P dehydro- 
genase (1.7 units) + TPN (0.1 mM)........... 13.1 
Glucose-6-P + glucose-6-P dehydrogenase...... 0.7 


* Basic medium: 0.025 m sucrose containing 0.005 m MgS0O,, 
0.007 m phosphate buffer pH 7.4, 0.005 m niacinamide, and choles- 
terol-4-C'* (200,000 c.p.m.; 35 ug). 
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TaBLeE II 
Cholesterol-4-C'* conversion under aerobic and anaerobic conditions 
Additions to basic medium* Gas phase gpnane el 
| % 
Fumarate (0.005 M)................ | Oxygen 8.0 
Succinate (0.005 m)................ Oxygen 8.7 
| Air 7.4 
Fumarate + triphenyltetrazolium 
Succinate + triphenyltetrazolium 


* Basic medium: 0.025 m sucrose containing 0.007 m phosphate 
buffer pH 7.4 and 0.005 m Mg**. 


TABLE III 


Cholesterol-4-C'* conversion by acetone-dried 
mitochondrial preparations 


Additions to basic incubation medium* 
% 
Supplemented Fumarate (0.005 m) 0.6 
sucrose Fumarate + DPN (0.6mm) + ATP 4.3 
(1.0 mm) 
Fumarate + TPN (0.5 mm) 7.8 
Glucose-6-P (0.005 m) + glucose- 6.6 
6-P dehydrogenase (1.7 units) + 
TPN (0.1 mM) 
Sucrose Fumarate 37.0 
Fumarate + TPN 29.6 
Glucose-6-P + glucose-6-P dehy- 30.1 
drogenase + TPN 


* Phosphate buffer (0.033 m) pH 7.4 containing 0.005 m Mgt*. 


with either glucose-6-P or isocitrate, suggesting a compartmen- 
talization of the mitochondrial TPN. 

The use of air as gas phase in place of oxygen had little effect 
on the conversion obtained. A requirement for oxygen is indi- 
cated, since no conversion of cholesterol-4-C was observed when 
the incubations were carried out under nitrogen, in the presence 
of fumarate or succinate, with triphenyltetrazolium chloride 
as an electron acceptor (19), despite the concurrent reduction of 
the tetrazolium salt to formazan (Table II). 

In order to determine whether or not there was an absolute 
requirement for TPNH by the cholesterol conversion system, 
various attempts were made to remove the “bound” TPN from 
mitochondrial preparations. ‘‘Aging” the preparation at 37° in 
the absence of an oxidizable substrate was not effective in reduc- 
ing the endogenous TPN level, but its removal without undue 
loss of cholesterol conversion activity was finally achieved by 
dialysis of acetone-dried mitochondrial fractions prepared from 
pure sucrose homogenates. 

Acetone-dried Preparations—Acetone-dried mitochondrial frac- 
tions derived from supplemented sucrose homogenates required 
the addition of both fumarate and TPN for activity and, in spite 
of the reduction of the endogenous cholesterol level by the ace- 
tone extraction, were capable of only the same degree of con- 
version of C'-cholesterol as the intact preparations (Table IIT). 
On the other hand, the acetone-dried preparations from salt-free 
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sucrose homogenates were fully active with fumarate alone and 
capable of 3 to 4 times the rate of conversion of radiotracer as 
the intact preparations (Table III). 

Dialyzed Acetone-dried Preparations—The “‘bound” TPN could 
be removed from the acetone-dried preparations by restricted 
dialysis against 0.067 m phosphate buffer pH 7.4, after which the 
suspension was inactive in the presence of fumarate alone, but 
fully active on addition of TPN or the glucose-6-P-TPNH. 
generating system (Table IV). DPN could not replace TPN 
to any appreciable extent and had little effect on the conversion 
with fumarate + TPN. On more extensive dialysis, the prepa- 
ration was completely inactivated, showing no cholesterol cop. 
version even in the presence of fumarate + TPN or the 
glucose-6-P-TPNH-generating system. The addition of ap 
equivalent amount of dialysate to the dialyzed suspension during 
incubation did not reactivate either the extensively dialyzed or 
partially dialyzed preparations. Considerable variation be. 
tween individual preparations was observed, and the conditions 
of dialysis required to produce a preparation with the desired 
characteristics had to be established for each batch of material, 

Soluble Extracts from Acetone-dried Preparations—The ae. 
tivity in the acetone-dried fractions from pure sucrose homog- 
enates could be solubilized by extraction with 0.067 m phosphate 
buffer pH 6.8, followed by removal of particulate material by 
centrifuging at 105,000 x g for 1 hour. The cofactor require- 


ment of the soluble extract was similar to that of the untreated | 
powder, as will be seen in Table V. The preparation showed no | 
TPN requirement when incubated with fumarate, but still re- | 


quired exogenous TPN for full activity in the presence of glucose- 
6-P and glucose-6-P dehydrogenase. 

Distribution of Cholesterol Conversion Activity in Tissue Homog- 
enates—The distribution of cholesterol conversion activity was 
assessed by measuring the activity in acetone-dried fractions 


prepared from 0.44 m sucrose homogenates. This procedure | 
avoided difficulties attending the estimation of cholesterol con- 7 


version by radiotracer techniques when the endogenous choles- 
terol levels varied from fraction to fraction. 


Acetone-dried powders from the nuclear, nuclear-fluff, mito- | 
chondrial, mitochondrial-fluff, microsomal, and soluble fractions { 


TABLE IV 


Cholesterot-4-C'* conversion by partially dialyzed 
acetone-dried mitochondrial preparations 


A total of 58 mg of acetone powder (equivalent to 20 g of adreno- | 
cortical tissue) were suspended in 3 ml of 0.067 m phosphate buffer ) 


pH 7.4 and dialyzed against 30 ml of the same buffer for 8 hours, 
followed by dialysis against 4 liters of distilled water for an addi- 
tional 12 hours. The dialyzed suspension was made up to 35 ml 
with fresh buffer and 5-ml aliquots incubated with cholesterol- 
4-C™ (100,000 c.p.m.; 17.5 ug) in a final volume of 10 ml of 0.033 
phosphate buffer containing 0.005 m Mg*+ and other additions 4 
indicated in the table. 


Additions to basic medium* Cee. 
% 
Fumarate + TPN (0.5 mM)..................-. 22.6 
Fumarate + TPN + DPN (0.5 mm)............ 28.3 
Glucose-6-P (0.005 m) + glucose-6-P dehydro- 
genase (1.7 units) + TPN (0.1 mM)........... 35.3 


* Phosphate buffer (0.033 m) pH 7.4, containing 0.005 M Mg". 


Vol. 236, No. 2 


SCS 


} 

z= 
f 
; fe 
h 

F 
Fur 
Gh 
Glu 


February 1961 


were incubated with cholesterol-4-C™ in the presence of the 
glucose-6-P-TPNH-generating system. The values obtained 
from three distribution experiments were essentially similar, and 
the results of a representative experiment are given in Table 
V1 in which the number of mumoles of cholesterol-4-C"™ converted 
by acetone powder derived from 5 g of adrenocortical tissue is 
given for each fraction. It will be seen that significant con- 
version occurred in the nuclear (1) and mitochondrial (III) frac- 
tions and the “fluffy layers” (II and IV) derived from them on 
washing with sucrose. Neither the microsomal (V) nor soluble 
(VI) fractions showed significant activity. Although each of the 
active fractions converted approximately the same number of 
mymoles of cholesterol-4-C™ to radioactive products on the 
tissue equivalent basis, the conversion values in terms of mumoles 
of cholesterol-4-C' per mg of fraction protein, also given in 
Table VI, show that the mitochondrial and mitochondrial-fluff 
fraction were considerably more potent than the nuclear and 
nuclear-fluff fractions. 

Table VII records the results obtained when soluble extracts 
of the acetone powders of the four active fractions (I to IV) were 
incubated with cholesterol-4-C™ in the presence of (a) fumarate, 
(b) fumarate + TPN, or (c) glucose-6-P, glucose-6-P dehydro- 
genase, and TPN. It will be seen that the extracts from each 
fraction were active in the presence of fumarate + TPN or the 
glucose-6-P-T PN H-generating system, but that only the soluble 
extract of the mitochondrial (III) fraction showed activity in the 
presence of fumarate without added TPN. 

Nature of Radioactive Products—When examined by paper 
chromatographic techniques (15), the products formed from 
cholesterol-4-C* (ethyl acetate eluate) by the intact mitochondrial 
preparations included compounds similar in chromatographic 
behavior to corticosterone, cortisol, 118-hydroxyprogesterone, 
pregnenolone, and progesterone. In general, the pellets derived 
from the supplemented sucrose homogenate formed a greater 
amount of polar steroids (cortisol, corticosterone) relative to 
fewer polar products (pregnenolone, progesterone, and 118- 
hydroxyprogesterone) than those obtained from pure sucrose 
homogenates. 

In Fig. 1, the radioactive peaks obtained on scanning the 
ligroin-formamide papers are shown for products derived from 
whole (A) and dialyzed (B) acetone-dried preparations incubated 
with cholesterol-4-C" in the presence of fumarate or fumarate + 
TPN. The whole preparations formed approximately equal pro- 
portions of “polar” and “less polar’ products, but in contrast, 
the dialyzed (B) or solubilized preparations formed mainly 
pregnenolone and progesterone. When the radioactivity con- 
tained in the pregnenolone-progesterone zones from undialyzed 


TaBLE V 


Cholesterol-4-C'4 conversion by soluble extract of 
acetone-dried mitochondrial preparations 


Cholesterol-4-C'4 


Additions to basic medium* conversion 


Fumarate (0.005 23 
Fumarate + TPN (0.5 mM)................00:. 22. 

Glucose-6-P (0.005 m) + glucose-6-P dehydro- 
genase (1.7 units) + TPN (0.1 mM)........... 20 
8 


2 
Glucose-6-P + glucose-6-P dehydrogenase...... 3 


* Phosphate buffer (0.033 m) pH 6.8, containing 0.005 m Mg**. 
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TaBLeE VI 
Cholesterol conversion activity in acetone-dried subcellular fractions 


Aliquots of the acetone-dried fractions, equivalent to 5 g of 
adrenocortical tissue, were suspended in 10 ml of 0.033 m phos- 
phate buffer pH 6.8, containing 0.005 m MgSO,, 0.005 m glucose- 
6-P, 1.7 Kornberg units of glucose-6-P dehydrogenase, 0.1 mm 
TPN, and 17.5 ug of cholesterol-4-C™ (100,000 c.p.m.) added in 
0.07 ml of propylene glycol. Incubation was carried out for 2 
hours at 37° in air with continuous shaking. Extraction and sepa- 
ration of the radioactive products were performed as previously 
described (1). 


| P Cholesterol- 
| mumotes mamoles/me 
28.2 19.1 0.68 
II Nuclear-fluff............... | 26.1 22.8 0.92 
III Mitochondrial.............. ae 16.2 2.73 
IV Mitochondrial-fluff......... | 4.2 23.4 5.66 
V Microsomal................ | 6.4 1.1 0.02 
* Equivalent to 5 g of tissue. 
TaBLeE VII 


Cholesterol conversion activity in soluble extracts 
of acetone-dried fractions 


Aliquots of acetone-dried fractions equivalent to 5 g of tissue 
were extracted with 0.067 m phosphate buffer pH 6.8 and the in- 
soluble material removed by centrifugation at 105,000 * g for 60 
minutes. The soluble extract from each fraction was incubated 
in a final volume of 10 ml of 0.033 m phosphate buffer pH 6.8 con- 
taining 0.005 m MgSO,. One set of incubations contained in addi- 
tion 0.005 m fumarate; another, 0.005 m fumarate plus 0.5 mm 
TPN; and a third, 0.005 m glucose-6-P, 0.1 mm TPN, and 1.7 
Kornberg units of glucose-6-P dehydrogenase. Further treat- 
ment as described in the previous experiment (Table I). 


Cholesterol-4-C™ converted 
Soluble +, 
tissue 2 o Zot 
s | | $322 
| sass 
mg mumoles/mg protein 
be 12.1 | 0 0.67 | 0.76 
II Nuclear-fluff................. 10.4 | 0 0.87 | 1.08 
III Mitochondrial................ 2.3 | 2.65 | 4.50} 2.87 
IV Mitochondrial-fluff........... 1.6 | 0.12 | 6.80! 7.80 


acetone-dried preparations was eluted and rechromatographed in 
ligroin-propylene glycol systems, separate zones equivalent in 
behavior to pregnenolone (Rr 0.15) and progesterone (Rr 0.40) 
were located in approximately equal concentration, as will be 
seen in Fig. 2A.* In contrast, after dialysis the acetone-dried 
preparations, in the presence of fumarate, formed predominantly 
pregnenolone (Fig. 2B). The addition of DPN or the use of the 


3A third zone remaining on the starting line probably repre- 
sented radioactivity held back by formamide carried over from the 
previous chromatographic system, since no equivalent zone was 
detected if the formamide was removed before application of the 
samples to the ligroin-propylene glycol papers. 
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Fic. 1. The distribution of snddhionttinetaiy on ligroin-formamide 
paper chromatograms loaded with ethyl] acetate eluates derived 
from (A) untreated acetone powders ineubated with cholesterol- 
4-C'4 in the presence of fumarate, (B) partially dialyzed acetone 
powders incubated in the presence of fumarate + TPN, or (C) 
glucose-6-P + glucose-6-P dehydrogenase + TPN, or (D) fu- 
marate + TPN + DPN or glucose-6-P + glucose-6-P dehydro- 
genase + TPN + DPN. The papers were prepared by bathing in 
formamide-methanol (3:1), blotted lightly and, after application 
of the extracts, run in ligroin for 4 hours (descending system). 
Distance from point of application (1 = 0.5 inch). 


glucose-6-P-TPNH-generating system resulted in a _ greater 
conversion of pregnenolone to progesterone (Fig. 2C and D). 
Generally, the solubilized preparations required exogenous DPN 
for appreciable progesterone formation, even in the presence of 
the glucose-6-P-TPNH-generating system. Further character- 
ization of the radioactivity in these two zones was achieved by 
the use of celite columns with a methanol-water 5:1 stationary 
phase and Skellysolve C mobile phase. In this system, proges- 
terone was eluted by 16 ml of mobile phase and pregnenolone 
by 30 ml. In each case, the radioactivity behaved in a manner 
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Fig. 2. The distribution of radioactivity on ligroin-propylene 
glycol paper chromatograms loaded with the ‘‘progesterone- 
pregnenolone”’ zones from the chromatograms illustrated in Fig. I. 
The diagrams are indicated by capital letters which have the same 
context as in Fig. 1. The papers were prepared by bathing in 
propylene glycol methanol (1:1), blotted lightly, and run in 
ligroin until the solvent front reached the end of the paper (1} to 
2 hours). Distance from point of application (1 = 0.5 inch). 


similar to authentic pregnenolone or progesterone, before and 
after acetylation of the sample. On admixture with authentic 
tritiated steroid, followed by rechromatography on the celite 
columns, no evidence of inhomogeneity was observed when the 
distribution of radioactivity caused by C™ was compared with 
that caused by H*. Although the trace amounts involved 
prohibited positive identification, the evidence obtained strongly 
indicates that the radioactive products from the dialyzed of 
solubilized acetone fractions could be largely accounted for m 
terms of pregnenolone and progesterone. 

Products in Benzene Eluate—In the benzene eluates derived 
from incubations of fresh preparations, whole acetone powders, 
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and partially dialyzed acetone-dried preparations, two radio- 
active zones were obtained on chromatography in kerosene-60% 
aqueous n-propanol (16), one behaving as authentic cholesterol 
(Ry 0.50) and one representing more polar material (Rr 0.85). 
However, in the case of the solubilized activity from acetone 
powders, only one zone his so far been observed (Rr 0.5). The 
nature of the radioactive material in the more polar zone has 
not as yet yet been identified. 


DISCUSSION 


The results obtained demonstrate that mitochondrial fractions 
of bovine adrenal cortex convert cholesterol-4-C™ to radioactive 
A®-pregnenolone, the reaction requiring Mg**, oxygen, and 
TPNH generation. The latter requirement can be satisfied by 
reduction of ‘‘mitochondrial” TPN in association with the addi- 
tion of certain tricarboxylic acid cycle intermediates (fumarate, 
succinate, or a-ketoglutarate), or by an extramitochondrial 
TPNH-generating system such as glucose-6-P, glucose-6-P de- 
hydrogenase, and exogenous TPN. The generation of TPNH 
by tricarboxylic acid cycle intermediates in bovine adrenal 
mitochondrial preparations is probably mediated via the malic 
decarboxylase enzyme, as suggested by Grant (20) and Grant 
and Mongkolkul (21), rather than by a transhydrogenase activity 
involving DPNH + TPN = TPNH + DPN. The fact that 
citrate and isocitrate did not support cholesterol conversion and 
the general lack of inhibition of the reaction by excess DPN in 
our mitochondrial preparations are consistent with this thesis. 
In the rat adrenal, where transhydrogenase activity may be high 
(22), mitochondrial TPNH generation via a transhydrogenase 
mechanism as suggested by Sweat and Lipscomb (23) may be 
important. 

In considering the intracellular localization of the enzymatic 
system involved in cholesterol side-chain cleavage, it should be 
emphasized that the slaughter house tissue employed in these 
studies has probably undergone considerable post-mortem 
changes similar to those described by Luft and Hechter (24) after 
examination of bovine adrenocortical tissue by electron micros- 
copy. These changes can be reversed by perfusion of intact 
glands with blood, after which the adrenocortical cells have a 
normal cytological appearance, but it is most unlikely that a 
similar reversal of the structural changes occurs in the subcellular 
components after they are isolated and fractionated at or near 
0°. In an attempt to preserve the structural integrity of sub- 
cellular constituents, we homogenized the tissue in 0.44 
sucrose instead of 0.25 m sucrose, since it has been reported that 
the morphological integrity of rat liver mitochondria is better 
preserved in hypertonic medium (25). Although all four active 
fractions (I to IV) converted approximately equal amounts of 
cholesterol-4-C™ to radioactive products (in terms of the number 
of mumoles of cholesterol-4-C™ converted by amounts of the 
acetone-dried powders equivalent to 5 g of adrenocortical tissue), 
the low potency of the nuclear fractions (I and II) suggested that 
this activity was probably due to contamination with mitochon- 
drial elements, since both nuclear and nuclear-fluff fractions 
contained enzymatic systems involved in generating TPNH via 
tricarboxylic acid cycle intermediates such as fumarate. The 
discovery of a large mitochondrial-fluff fraction was not unex- 
pected, in view of the known changes in the intracellular mor- 
phology of the tissue. In its sedimentation behavior, this frac- 
tion closely resembles the “light”? mitochondrial fraction of 
bovine heart sarcosome preparations, described by Green and 
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his associates as consisting largely of vesicular mitochondria 
with few cristae and which show an associated biochemical 
change in the high degree of uncoupling of respiratory and 
phosphorylative activities (26). The higher potency of this 
fraction, relative to intact mitochondria, may thus be a reflection 
of structural disorganization. As the mitochondrial-fluff is most 
probably an artifact and not existent in the normal cell, it would 
appear that the cholesterol side-chain cleavage system is localized 
in the mitochondrial fraction. It is likely that the enzymatic 
activity is associated with the mitochondrial surface (7) rather 
than bound into the structural matrix, since it is relatively easily 
solubilized from acetone powders and, furthermore, the enzyme 
system appears to be equally available to TPNH generated 
either by mitochondrial or extramitochondrial systems. 

Some information about the enzymes involved in adrenal 
mitochondrial conversion of cholesterol was obtained from a 
consideration of the nature of the radioactive products formed. 
The intact mitochondrial preparations contain, in addition to 
the cholesterol side-chain cleavage system, a 38-hydroxysteroid 
dehydrogenase, and 118-, 17-, and 21-hydroxylation activities. 
The presence of supplements in the sucrose isolation medium 
considerably increases any 17- and 21-hydroxylation activities of 
the sedimented particles; this effect of the supplements may be 
the result of increased adsorption of these enzymes on the mito- 
chondrial surface (27,28) and appears, in large part, to be due 
to their cation content, since KCl produces somewhat similar 
effects. 

Dialysis of the acetone-dried preparations against phosphate 
or the preparation of a soluble fraction by extraction with 
phosphate results in a suspension, or soluble extract, almost 
devoid of 118-, 17-, and 21-hydroxylation activities; however, in 
both types of preparation, the cholesterol side-chain cleavage 
and 38-hydroxysteroid dehydrogenase activities are retained. At 
first sight, the failure of dialyzed or solubilized preparations to 
form appreciable amounts of progesterone in the presence of 
fumarate might be attributed to a loss of 36-hydroxysteroid 
dehydrogenase activity; however, the dialyzed preparations do 
form progesterone and pregnenolone in approximately equal 
amounts when glucose-6-P is used as the TPNH-generating 
system. The low 36-hydroxysteroid dehydrogenase activity of 
the dialyzed preparations in the presence of fumarate could be 
an expression of a competition between malic and 36-hydroxy- 
steroid dehydrogenases for the small amounts of residual mito- 
chondrial DPN. The solubilized preparations do not, however, 
generally form appreciable amounts of progesterone, even when 
glucose-6-P replaces fumarate as the TPNH-generating system. 
Since the addition of DPN to the solubilized preparations in 
the presence of the glucose-6-P-generating system results in 
increased progesterone formation, it is probable that the low 
38-hydroxysteroid dehydrogenase activity of the soluble prepara- 
tions is due to the incomplete solubilization of DPN. The re- 
quirement of DPN for the oxidation of pregnenolone to proges- 
terone, in our preparations, is not only in accord with previous 
studies (3), but also emphasizes the high specificity of the de- 
hydrogenase for DPN. Thus, the hypothesis that this step in 
cholesterol conversion might be linked through TPN to the side- 
chain cleavage system would appear to be untenable. 

The role of TPNH in cholesterol side-chain cleavage is prob- 
ably an expression of an hydroxylation reaction involved in the 
transformation of cholesterol to pregnenolone. Such an event 
might be expected to precede side-chain cleavage and, by analogy 
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with other steroid hydroxylations, to require TPNH and molec- 
ular oxygen. Radioactive 20a-hydroxycholesterol has been 
shown to accumulate when cholesterol-4-C™ is incubated with 
adrenal homogenates (9); after this work had been completed, 
we learned that the side chain of this hydroxylated derivative of 
cholesterol is cleaved by a supernatant (105,000 x g) fraction 
of bovine adrenal cortex to yield isocaproic acid and, presumably, 
pregnenolone (29). The finding of radioactive material with 
similar chromatographic properties to 20a-hydroxycholesterol 
in incubations of fresh and acetone mitochondrial preparations,‘ 
is in accord with these studies. The fact that we have been 
unable to detect this radioactive peak in chromatograms of the 
benzene eluates derived from incubations of the solubilized 
fractions suggests that 20a-hydroxycholesterol once formed is 
rapidly converted to pregnenolone; thus, the slow step in the 
over-all conversion would be represented by the hydroxylation 
of the cholesterol side chain. 


SUMMARY 


1. Reduced triphosphopyridine nucleotide and aerobic condi- 
tions are essential requirements’for cholesterol side-chain cleavage 
by subcellular preparations of bovine adrenal cortex, the enzy- 
matic activity being concentrated in the mitochondrial fraction. 

2. The reduced triphosphopyridine nucleotide may be gen- 
erated from mitochondrial triphosphopyridine nucleotide during 
the metabolism of certain tricarboxylic acid intermediates, or by 
the extramitochondrial reaction of glucose 6-phosphate and its 
dehydrogenase with exogenous triphosphopyridine nucleotide. 

3. Mitochondrial triphosphopyridine nucleotide appears to be 
very firmly associated with mitochondrial enzymes, and although 
it can apparently be brought to its reduced state during the 
metabolism of fumarate, succinate, or a-ketoglutarate, neither 
isocitrate nor glucose 6-phosphate can react with the bound 
cofactor. Acetone drying and solubilization in phosphate only 
partially overcome the barrier to the reaction of glucose 6- 
phosphate and mitochondrial triphosphopyridine nucleotide. 

4. A 38-hydroxysteroid dehydrogenase activity is closely 
associated with the cholesterol side-chain cleavage system, and 
the limited production of progesterone relative to A5-pregnenol- 
one in the solubilized preparations is due to the depleted di- 
phosphopyridine nucleotide content of the preparation and not 
to loss of the dehydrogenase. This enzyme system appears to 
show .a high specificity for the diphosphopyridine nucleotide 
coenzyme. 
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This paper describes the stimulatory effects in vivo and in 
vitro of estradiol and related estrogenic hormones on metabolic 
pathways leading to lipid synthesis in the rat uterus. It has 
been demonstrated that phospholipid metabolism constitutes an 
unusually sensitive indicator of early estrogen action; both the 
rate of synthesis as measured by the incorporation of inorganic 
orthophosphate-P* into the individual phosphotides and the 
average level of the isolated phospholipids per cell were increased 
rapidly during the first few hours of hormone action. Stimula- 
tory effects of estradiol were also demonstrated on the incorpora- 
tion of acetate-1-C' into the fatty acid, cholesterol, and other 
constituents of the nonsaponifiable fraction of uterine segments. 
The pattern of the hormone response, however, was distinctly 
different with this precursor from that obtained with inorganic 
orthophosphate-P* in the labeling of phospholipids. Of par- 
ticular interest was the observation that physiological levels of 
estradiol and related estrogens stimulated phospholipid metabo- 
lism in surviving uterine segments when added in vitro to the 
incubation media. The relationship of these findings to the 
mechanism of action of estrogenic hormones and the mobiliza- 
tion of growth processes in the rat uterus is discussed. 


EXPERIMENTAL PROCEDURE 


Female rats,! weighing approximately 180 g, were subjected 
to ovariectomy through the dorsal approach and subsequently 
maintained on a diet of commercial dog chow (Purina) for at 
least 4 weeks before experimentation; in any experiment, all 
animals were of the same age and ovariectomized at the same 
time. Pretreatment of the animals consisted of an intravenous 
injection via the tail vein of 1.0 ml of 0.9% NaCl-1% ethanol 
solution buffered at pH 7.4 with 0.04 m NaH,PO,-Na:HPO, as 
the control solution or the same solution containing 10 ug of 
178-estradiol. At the indicated times the animals were killed 
by decapitation and the uterine horns removed to small beakers 
containing ice-cold tissue culture medium. Each horn was in- 
cised longitudinally and cut into four equal segments. 

In a typical experiment, eight short segments were incubated 
at 37° for the indicated period in 2.0 ml of tissue culture medium 
(1) containing 10% bovine or rat serum, 2 X 10-5 m inositol, 
10“ m glycine, and 10-* m serine. In the incorporation studies, 


*This work was supported by a grant from the Alexander and 
Margaret Stewart Trust Fund and grant No. CY-1897-(C7) from 
the United States Public Health Service. 

t Postdoctorate fellow under Training Grant No. CRTY-5002 
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either 200 ue of inorganic orthophosphate (100 ue of P® per 
umole) or 2 uc of acetate-1-C™ (1 uc per umole) were added to 
the incubation medium in 0.1 ml of 0.9% sodium chloride solu- 
tion. At the end of the incubation period, the segments were 
washed first with 10 ml of tissue culture medium followed by a 
10 ml of cold isotonic 0.9% sodium chloride wash before they 
were frozen with liquid air. After pulverization from the frozen 
state in a stainless steel mortar, the tissue was precipitated with 
2.0 ml of cold 5% trichloroacetic acid. The acid-soluble radio- 
activity was removed by alternate suspension and centrifugation 
of the tissue residue three times in 2.0 ml of cold 5% trichloro- 
acetic acid. To extract the lipid fraction, the tissue was sus- 
pended successively in 2.0-ml aliquots of 80% ethanol, 100% 
ethanol, chloroform-ethanol (2:1), and twice in ethyl ether. 
The lipid extracts were combined and evaporated to dryness 
with a stream of air at room temperature. The residue was 
redissolved in a small amount of chloroform-ethanol (2:1) and 
subjected to analysis without delay. 

Isolation of the individual phospholipid fractions was accom- 
plished by ascending chromatography on silicic acid-impregnated 
paper with a solvent system consisting of diisobutyl ketone- 
acetic acid-H.O (40:25:5) according to Marinetti (2). Four 
distinct radioactive spots were visualized by radioautography 
with approximate R, values of 0.62, 0.42, 0.25, and 0.04, corre- 
sponding respectively to ethanolamine, choline, inositol phospha- 
tides, and an unknown phospholipid fraction. Radioactivity 
determinations were carried out in most experiments by direct 
counting of the areas with an end window counter; for the de- 
termination of the specific activity of the phosphorus in a given 
phospholipid, the area of a chromatogram was eluted with chloro- 
form-methanol-water (75:25:2) and analyzed for both radioac- 
tivity and phosphorus. Over 90% of the radioactivity contained 
in a given spot was recovered in the eluate. | 

In those experiments in which acetate-1-C™ was used, the 
crude lipid fraction was saponified by heating with 4.0 ml of 
17% KOH in 50% ethanol on a steam bath for a 30-minute 
period. Customarily, 5.0 mg of cholesterol were added as carrier 
before saponification. After being cooled to room temperature, 
the nonsaponifiable neutral fraction was extracted with three 
5-ml aliquots of n-pentane. The aqueous-ethanol fraction was 
acidified with HCl and extracted with three 3.0-ml aliquots of 
chloroform to obtain the fatty acid fraction. The chloroform 
was aerated off with a stream of air. To remove the last traces 
of radioactive acetic acid, the residue was redissolved twice in 
chloroform containing 2 drops of glacial acetic acid and evapo- 
rated to dryness. An aliquot of the residue was plated for 
radioactivity. 
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TABLE I 
Phospholipid content of rat uterine horn tissue 
Uterine segments from typical control rats were analyzed as 
described under ‘‘Experimental Procedure’’ for content of in- 
dividual phospholipids. Data are expressed as micrograms of 
phospholipid phosphorus per mg of tissue DNA. 


Choline phosphatides Inositol phosphatides 
ug ug ME 
5.3 3.2 0.4 
3.9 2.2 0.4 
4.6 2.8 0.5 
4.5 2.3 0.4 
6.5 2.7 0.5 
Average 5.0 2.6 0.45 
ETHANOLAMINE 
4 
62 
>O 
U 
Os 50 PROTEIN 
O 
x 
6 l2 24 : 


HOURS AFTER ESTROGEN 


Fic. 1. Effect of estrogen administration in vivo on the uterine 
composition. Rats received a single injection of 10 ug of estradiol 
via the tail vein at zero time. Data are plotted as the percentage 
of deviation from the control level at varying times after estrogen 
administration. Since the DNA content did not change in the 
24-hour period, all the ratios were calculated per mg of DNA. 
The data on RNA, protein, and DNA are taken from an earlier 
publication (6) and are included for purposes of comparison. 


The nonsaponifiable fraction was taken to dryness and redis- 
solved in 3.0 ml of acetone-ethanol (1:1). Total radioactivity 
in the nonsaponifiable fraction was determined on 0.3 ml of this 
solution. To the remainder of the solution, 15 mg of digitonin 
were added to precipitate the cholesterol. The digitonide was 
washed once with acetone-ether (1:2) and twice with ethyl ether 
before plating for radioactivity. Reprecipitation of the digiton- 
ide did not alter the specific activity of this fraction significantly. 

All determinations were referred to the level of DNA in the 
original tissue samples as determined according to the fluoro- 
metric procedure of Kissane and Robins (3). Phosphorus de- 
terminations were carried out according to the micro procedure 
of Chen (4) on samples ashed in perchloric-nitric acid mixture 


(5). 


RESULTS 


Effect of Pretreatment with Estradiol on Phospholipid Content 
of Rat Uterus—In an attempt to ascertain the influence of es- 
trogen pretreatment on the level of phospholipids in the rat 
uterus, a group of rats were treated by injection at zero time 
with 10 ug of estradiol, and representative rats were killed at 


Estrogen Effects on Lipid Synthesis 


intervals after injection for ann phospholipid determinations, 
The crude lipid fraction was separated into ethanolamine, cho- 
line, and inositol phospholipid fractions by chromatography on 
silicic acid-impregnated paper. In the control tissues, the quan. 
tity of the ethanolamine phosphatides was roughly twice the 
level of the choline phosphatides and approximately 10 times 
the level of inositol phosphatides (Table I). In response to the 
estrogen, the level of all three phospholipid fractions was ob- 
served to increase rapidly. In Fig. 1 the rapid elevation of the 
ethanolamine phospholipid compounds is plotted as the percent- 
age of deviation from the control level and is compared with the 
estrogen-induced alterations in ribonucleic acid and protein con- 
tent of the rat uterus which have been studied previously (6), 
Since the levels of the choline and inositol phospholipid fractions 
were considerably lower than that of the ethanolamine fraction, 
the data on their accumulation were less accurate in the average 
uterine sample used, but revealed the same trends as observed 
for the ethanolamine phospholipid fraction. The accumulation 
of phospholipids attained a maximal level 6 hours after adminis. 
tration of the estrogen and was retained essentially at this level 
during the rest of the 24-hour period. It is of interest that this 
rapid elevation of uterine phospholipids occurred concomitantly 
with the estrogen-induced imbibition of water in this tissue. 
To date the alteration in phospholipid content is the earliest and 
most striking alteration in uterine composition obtained in re- 
sponse to the estrogen. 

Effect of Estrogen Pretreatment on Incorporation of Radioactive 
Phosphorus into Phospholipid Fractions—In order to determine 
whether or not estrogen treatment in vivo influenced the rate of 
synthesis of phospholipids in the uterine tissue, uterine segments 
from animals pretreated for 6 hours with estrogen and the cor- 
responding control segments were incubated in vitro for 1 hour 
with 200 ue of inorganic orthophosphate-P® in tissue culture 
medium. Table II reveals the amount of radioactive phosphorus 
incorporated into the individual phospholipid fractions. The 
amount of isotope incorporation into the individual phospholipid 
fractions was roughly proportional to the level of the respective 
phospholipid fractions in the rat uterine tissue, and the 6 hours 
of estrogen pretreatment in vivo generally accelerated the in- 
corporation of P*? into all phospholipid fractions. The situation 
in the uterus during estrogen stimulation therefore contrasts 
with the selective stimulation of inositol phosphotide turnover 
in the pancreas during protein secretion as observed by Hokin 
and Hokin (7). 


TABLE II 


Effect of estrogen on incorporation of inorganic ortho- 
phosphate-P*? into individual phospholipids 
Uterine segments from control rats or rats killed 6 hours after 
a single injection of 10 ug of estradiol were incubated for 1 hour 
with 200 ue of inorganic orthophosphate-P*?, as under ‘‘Experi- 
mental Procedure.’’ Data are expressed as counts per minute 
in the phospholipid fractions isolated chromatographically from 
an amount of uterine segments containing 1.0 mg of DNA. 


Control Estrogen 

c.p.m. c.p.m. 
Ethanolamine phosphatides....... 21,200 53, 100 
Choline phosphatides............. 14,400 24,400 
Inositol phosphatides............. 2,900 6,300 
Unidentified fraction. ............ 3,300 4,900 
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In addition to the three phospholipid fractions usually ob- 
served, a highly polar, unidentified phosphorus-containing com- 
pound (Rr = 0.04) also appeared on the paper chromatograms. 
The radioactivity of this area was somewhat variable in its 
response to estrogen and has not been studied extensively. 

In Fig. 2 the effect of varying the period of pretreatment in 
nvo with estrogen on the incorporation in vitro of inorganic 
rthophosphate-P® into ethanolamine phosphatides of surviving 
uterine segments is demonstrated. When animals were killed 
at various periods after the administration of estradiol and the 


uterine tissues incubated in vitro in a standard manner with 


inorganic orthophosphate-P* as described under ‘‘Experimental 
Procedure,” it was found that the rate of incorporation of radio- 
activity into ethanolamine phosphatides was accelerated at the 
earliest time of measurement after administration of the hormone 
(after 1 hour) and reached a maximum in uterine tissue from 
rats which were killed 6 hours after the injection of the hormone. 
Ifa longer period between the injection and death of the animal 
was permitted, the level of incorporation of radioactivity into 
the ethanolamine phosphatide fraction was no higher and may 
have declined slightly. Thus the incorporation of radioactive 
phosphorus into the phospholipid fractions reflected a generalized 
stimulation of phospholipid synthesis which appears to be re- 
sponsible in part for the concomitant accumulation of ethanol- 
amine and other phospholipid compounds in the uterine tissue. 
Accumulation of Radioactive Phosphorus in Ethanolamine Phos- 
pholipids of Uterine Segments from Control and Estrogen-treated 
Rats on Incubation of Segments in Vitro for Extended Periods— 
Uterine segments from control animals and rats killed 6 hours 
after a single injection of 10 ug of estradiol were incubated with 
200 ue of inorganic orthophosphate-P* in tissue culture medium 
for extended periods as described under ‘‘Experimental Proce- 
dure.” At the indicated intervals, representative segments were 
analyzed for the amount of radioactivity which had accumulated 


_ inthe ethanolamine phosphatide fraction. It is demonstrated 


in Fig. 3 that the incorporation of P® into ethanolamine phos- 
pholipids did not proceed at a constant rate; in the first hour of 
incubation the incorporation was much more rapid than in the 


N 


N 


C.PM.XxI0* IN 


THANOLAMINE PHOSPHOLIPIDES 


02 6 l2 
HOURS AFTER ESTRADIOL 


Fig. 2. Effect of estrogen administration in vivo on the in- 
corporation of inorganic orthophosphate-P® into ethanolamine 


E 


& phospholipids. Uterine segments from rats killed at varying 


times after a single injection of 10 ug of estradiol were incubated 

for 1 hour in vitro with P® as described under ‘Experimental 
ure.’”” Data are expressed as c.p.m. in the ethanolamine 

phospholipid fraction per mg of DNA in the uterine segments. 
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ESTROGEN 
TREATED 
(6 HOURS) 


C.PM.x10” IN 
ETHANOLAMINE PHOSPHOL IPIDES 


G 2 & 9 | 
INCUBATION TIME CHOURS) 

Fic. 3. The influence of extended periods of incubation in vitro 
with inorganic orthophosphate-P* on the rate of P*? incorpora- 
tion into the ethanolamine phospholipid fraction. Uterine seg- 
ments from control rats and rats killed 6 hours after a single injec- 
tion of 10 ug of estradiol were incubated continuously with 200 ue 
of inorganic orthophosphate-P*? as under ‘‘Experimental Proce- 
dure.’? Data are expressed as c.p.m. incorporated into ethanol- 
amine phospholipids per mg of tissue DNA during the indicated 
period. 


ensuing few hours. As in Fig. 2, the effect of estrogen pretreat- 
ment was again revealed in this interval. Although the ac- 
cumulation of radioactive phosphorus in the ethanolamine phos- 
phatide fraction was slower during the next few hours, a more 
rapid rate again developed after approximately 6 hours of con- 
tinuous exposure to the isotope in the case of the estrogen-treated 
tissues, and somewhat later in the control tissues. 

Since the accumulation of radioactivity in the ethanolamine 
phosphatide fraction was a discontinuous process under condi- 
tions of extended incubation in the presence of 200 ue of inorganic 
orthophosphate-P®, studies were also carried out to determine 
the rate of incorporation of inorganic orthophosphate-P* into 
this fraction under conditions of extended incubation in vitro, 
but in which the exposure to the isotope was limited to a brief 
test period. For this purpose, uterine segments from control 
rats and rats killed 6 hours after a single injection of estradiol 
were incubated for the indicated periods in tissue culture medium. 
Radioactive inorganic orthophosphate-P® (200 uc) was added to 
the incubation medium during only the final hour of incubation 
in vitro. The results of such an experiment (Fig. 4) revealed 
that the rate of incorporation of P® into ethanolamine phos- 
pholipids remained the same in the control tissues when measured 
in this manner after various times of incubation in vitro in tissue 
culture medium. In contrast, the rate of P® incorporation which 
was initially high, because of the estrogen pretreatment in vivo, 
declined to or near the control level at the end of 3 hours of in- 
cubation in tissue culture medium. Thus the stimulating effect 
of estrogen treatment appeared not to be perpetuated in vitro. 

In contrast to the results in Fig. 3, no apparent acceleration 
of the phospholipid synthesis was observed after 6 hours of in- 
cubation of the uterine segments in tissue culture medium in 
these experiments in which the exposure to radioactive phos- 
phorus was limited to the final hour of the incubation period. 
The explanation for the difference in results between the two 
types of experiments is not yet known, but several possibilities 
must be considered. It is possible that the observed changes in 
labeling rates occurring with continuous exposure to the isotope 
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4 reflect the course of the P® through intermediate pools involved = 
O6 in the synthesis of certain specific ethanolamine phosphatides, re 
Oo. On the other hand, since high levels of radioactivity (200 yc) in 
5 were used in these experiments, it is also possible that radiation 
z effects are responsible for the results. Additional experiments in 
ESTROGEN | 
+ 4-L are in progress toward evaluating these considerations. Itisof sti 
oF interest in this connection that uterine segments from estrogen. _th 
treated rats always responded significantly sooner with the re: 
2Z delayed acceleration of ethanolamine phospholipid labeling (Fig, __ tin 
o2 24 -@ 3) than did the tissues from control rats. It appears that the inc 
UO previous action of the estrogen was registered in some manner __jgo 
CONTROL 
IF in the tissue. ute 
4 Stimulating Effect of Estrogens Added in Vitro—In view of aft 
I | 3 3 4 5 6 i> the notable response of phospholipid labeling in vitro to estrogen  —3-h 
. administered in vivo, it was decided to test the effect of various ser 
i HOUR INCUBATED IN VITRO inistered in vivo, it was decide s ct of various _ser 
the 
of 


_ estrogens added directly to the incubation system in vitro. In 
Fic. 4. Effect of incubation in vitro on the rate of inorganic Table III it is demonstrated that with the optimal level of e&- — 
frthophosphate-P*® incorporation into ethanolamine phospholipid wadiol, the incorpetation of | 

: frac 
oraction. Uterine segments from control rats and rats killed 6 ethanolamine phospholipids was stimulated from 25 to 100% pe 


hours after a single injection 10 ug of estradiol were incubated ‘* 
continuously in tissue culture medium in the absence of isotope. iM various experiments; most frequently the stimulation ranged the 


At the indicated times, 200 uc Of inorganic orthophosphate-P* from 30 to 40%. In comparing different levels of estradiol, it less 
were added to the reaction medium and segments allowed to was found that 0.05 ug of estradiol per 2 ml of reaction medium | 12° 
for constituted the optimal level of the hormone; with levels below inte 


c.p.m. incorporated into the ethanolamine phospholipids from an 
amount of uterine segments containing 1.0 mg of DNA. 0.03 wg and above 0.1 ug of estradiol, the stimulating effect was inco 


not observed. frac 

TaBLeE III In order to ascertain whether or not any biological specificity | sam 

Effect in vitro of estradiol on incorporation of inorganic was associated with this response in vitro to estradiol, a number _fract 
orthophosphate-P* into ethanolamine phospholipids of steroids were compared at the level of 0.05 ug of each steroid _eithe 
of rat uterus in the incubation medium. It can be seen in Fig. 5 that the mad 


Uterine segments from control rats were incubated with in- natural estrogens (estradiol, estrone, and estriol) were active, able 
organic orthophosphate-P* as under “Experimental Procedure” with the best response being obtained with estradiol; diethyl | to e 
with the indicated levels of estradiol per 2.0 ml of tissue culture stilbesterol gave equivocal results in a number of experiments. A 
medium. Data are exp ressed as counts per INCOTPO- On the other hand, 17-hydroxycorticosterone, deoxycorticoster- 
rated into the ethanolamine phospholipid fraction per mg of tis- A : ; 

one, and progesterone routinely gave a slight suppression of the _has s 


sue DNA. incorporation of P®* into phospholipids. Although the effects _ entit 
Incubation DNA with estrogens added in vitro are small in the particular experi- _ these 
in wi 
hrs c.p.m./mg phosy 
Control + 0.05 ug estradiol....... 3 96 , 500 PHOSPHOLIPIDE still ¢ 
3 32,300 C.P.M. estrac 
Control + 0.05 ug estradiol....... 3 58 ,000 STEROID 1 2 3 
Control + 0.05 ug estradiol....... 4 198 ,000 ESTRONE Yup 
Control + 0.05 wg estradiol....... 4 316,000 ESTRADIOL MMM 
Control + 0.05 wg estradiol....... 4 145,000 — LLL 
6 81,700 DIETHYLSTILBESTEROL YY] 
Control + 0.03 ug estradiol....... 6 123 ,200 I7-H XY 
Control + 0.1 wg estradiol........ 6 108 ,000 a ICOSTERONE 
Control + 0.3 yg estradiol........ 6 69 , 500 y 
Control + 1.0 ug estradiol........ 6 79,800 DESOXYCORTICOSTERONE H//UU//L 
Control + 0.001 ug estradiol...... 6 316,500 
Control + 0.01 ug estradiol....... 6 317,000 CONTROL YY ULL 
Control + 0.1 ug estradiol........ 6 475,000 
H Control.................. dee ky 6 140 ,000 Fic. 5. Effect of various steroids added in vitro on the in- 
Control + 0.05 ug estradiol....... 6 208 , 000 corporation of inorganic orthophosphate-P* into the ethanol- 
ET Control........................... 6 165,000 amine phospholipids. Uterine segments from control rats were 
Control + 0.05 wg estradiol....... 6 204 ,000 incubated for 3 hours in 2 ml of tissue culture medium containing 
6 139 , 500 0.05 ug of the indicated steroid. Data are expressed as ¢.p.m. I» 
Control + 0.05 wg estradiol....... 6 208 , 000 corporated into the ethanolamine phospholipids from uterine seg 
ments containing 1.0 mg of DNA. : 


+ 
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ments in which the various hormones were compared, they are 
reproducible and in accord with a number of smaller experiments 
in which various individual steroids were compared. 

Effect of Estrogen Pretreatment on Metabolism of Acetate-1-C"™ 
in Surviving Uterine Segments—Emmelot and Bosch (8) demon- 
strated previously the high sensitivity of cholesterol synthesis in 
the uterus of the mouse to the action in vivo of estrogens. Our 
results in the rat confirm in general their findings and show the 
time course of the estrogen-induced changes in acetate-1-C™ 
incorporation into the fatty acid, the total nonsaponifiable and 
isolated cholesterol fractions (Fig. 6). In these experiments, 
uterine segments were removed from rats at the indicated times 
after a single injection of estradiol and incubated in vitro for a 
3-hour period with acetate-1-C™ in the standard manner as de- 
scribed under ‘“‘Experimental Procedure.’’ It is evident from 
the data obtained in this manner that the rate of incorporation 
of acetate-1-C'™ into the fatty acids and the nonsaponifiable 
fraction was accelerated in essentially a linear manner over the 
first 24 hours after estrogen administration. On the other hand, 
the rate of acetate incorporation into cholesterol was accelerated 
less rapidly initially, but was stimulated to a greater extent after 
12 hours of estrogen pretreatment. Quantitatively, it is of 
interest that the absolute amount of acetate-1-C' which was 
incorporated into the cholesterol fraction and the fatty acid 
fractions with the 24-hour estrogen-treated uteri was nearly the 
same, whereas the label residing in the total nonsaponifiable 
fraction amounted to approximately 10 times that recovered in 
either cholesterol or fatty acids. As yet no efforts have been 
made to identify the major radioactive entities of the nonsaponifi- 
able fraction, but in view of the responsiveness of this fraction 
to estrogen action, this identification promises to be of interest. 

A comparison of the incorporation data obtained with acetate- 
1-C" and inorganic orthophosphate-P® reveals that the estrogen 
has a strikingly different effect on the metabolism of these two 
entities. Although the anabolic pathways dealing with both of 
these precursors are notably stimulated by the action of estrogen 
in vivo, the effects of an administration of estrogen in vivo on 
phospholipid synthesis are more rapid and attained a maximum 
by 6 hours; whereas the acceleration of the acetate pathways is 
still continuing, even at 24 hours after the administration of 


estradiol. 


DISCUSSION 


Data obtained in these studies illustrate that the rat uterus 
responds to a single physiological dose of estradiol with rapid 
acceleration of all pathways for lipid synthesis measured in these 
experiments. Although it is possible that an estrogen effect 


_ could have been demonstrated on the labeling of sphingomyelin, 


serine, polyglycerol, lysolecithin, and other types of phospho- 
lipids, no measurements were made, since these compounds were 
not evident by radioautography. Similarly, the accumulation 
of P® in phosphatidic acid was not demonstrable. 

In view of the widespread effects of the estrogen on the path- 
ways for lipid synthesis studied in these experiments, it seems 


_ most likely that the action of the hormone affects some step 


which is common or fundamental to all of them. Recent ex- 
periments in this laboratory support the concept that one such 
common step is protein synthesis. In experiments to be reported 
elsewhere, it has been demonstrated that with the administration 
of the proper levels of puromycin, protein synthesis in the rat 
uterus as measured by the incorporation in vivo of glycine-2-C™ 


Y. Aizawa and G. C. Mueller 


385 
5 
4+ 
ESTROGEN 
a. 
CONTROL 
: = 
O03 6 l2 24 
RS OF 


HOU 
ESTROGEN TREATMENT 


Fic. 6. Effect of estradiol administration in vivo on the rate of 
incorporation of acetate-1-C" into the fatty acid, total nonsaponi- 
fiable and cholesterol fractions of surviving uterine segments. 
Uterine segments from rats killed at the indicated times after a 
single injection of 10 ug of estradiol were incubated in vitro for a 
3-hour period with acetate-1-C'4 as described under ‘“‘Experimental 
Procedure.’’ The data are expressed as the total c.p.m. X 10" in 
the fatty acids (n = 3; O——O), cholesterol (n = 3; X --- X) 
and the total nonsaponifiable fraction (n = 4; A --—-—- A) derived 
from an amount of uterine segments containing 1.0 mg of DNA. 


or leucine-1-C™ can be inhibited over 90% without inhibition of 
the incorporation of glycine-2-C' or inorganic orthophosphate- 
P® into RNA or the incorporation in vivo of inorganic ortho- 
phosphate-P# into the individual phosphatides. Under such 
conditions all early estrogen responses studied so far in this 
laboratory (t.e. the estrogen-induced imbibition of water, the 
acceleration of purine base labeling in the nucleic acid fraction, 
and the acceleration of the incorporation of inorganic orthophos- 
phate-P® into both RNA nucleotides and the different phos- 
pholipid fractions) were prevented concomitantly.? 

Accordingly, it appears that the action of estrogen is primarily 
concerned with the induction of conditions in the rat uterus 
favorable to protein synthesis and that the spectrum of proteins 
synthesized at any time reflects the particular balance of inducers 
and suppressors currently operative in that tissue. Thus the 
relative rate changes among the different pathways for lipid 
syntheses with time of estrogen treatment may be due to a se- 
quence of enzyme inductions. Further analysis of this situation 
will be presented in another communication. 

Finally, the observations of Hendler (9) on the formation of 
amino acid-lipid complexes which appear to be involved in pro- 
tein synthesis in hen oviduct tissue prompt a similar investiga- 
tion into the role of estrogen-induced accumulations of phos- 
pholipid in the acceleration of protein synthesis by this tissue. 


SUMMARY 


1. During the first 6 hours of estrogen treatment in vivo, the 
levels of ethanolamine, choline, and inositol phospholipids in the 
rat uterus increased as much as 150%. 

2. Surviving segments from rats killed 6 hours after a single 
injection of estradiol incorporated inorganic orthophosphate-P® 
into the individual phospholipid fractions as much as 200% 
faster than the uterine segments from control rats. 

3. The pathways for the incorporation of acetate-1-C™ into 


2G. C. Mueller, J. Gorski, and Y. Aizawa, unpublished data. 
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Previous studies in this laboratory (1-5) have demonstrated 
that chenodeoxycholic acid-24-C™ is metabolized in the rat to 
two hitherto unknown trihydroxycholanic acids formerly called 
Acid I (3a,68,78-trihydroxycholanic acid) and Acid II (3a,- 


- 68,7a-trihydroxycholanic acid). At the time the trivial names, 


g- and a-muricholic acid, respectively, were suggested (6), it 
was realized that mus, muris includes both rat and mouse. 
Subsequently, it has been found that the mouse metabolizes 
chenodeoxycholic acid to a- and 6-muricholic acids. Danielsson 
and Kazuno (7) have identified these metabolites in the bile of 
mice by their chromatographic behavior and Ziboh and Hsia 
(8) have isolated them by isotopic dilution from the urine of 
surgically jaundiced mice. This report gives the details of 
identification of several metabolites of chenodeoxycholic acid- 
24-C4 including a- and 8-muricholic acids, from the urine of 
surgically jaundiced mice. 


EXPERIMENTAL PROCEDURE 


Preliminary Experiments—Chenodeoxycholic acid-24-C™ used 
in these studies was prepared from the norbromide through a 
nitrile synthesis by the method reported by Bergstrom et al. (9). 

Eighteen mice (CF-1, Carworth Farms, Inc.) weighing be- 
tween 27 g and 32 g were surgically jaundiced under anesthesia 
with sodium pentothal (50 mg/kg of body weight). Through 
a midline incision, a cholecystectomy was first performed, fol- 
lowed by double ligation of the common bile duct. Four days 
postoperatively, each of the five surviving animals received 
intragastrically approximately 0.1 mg (0.43 ue) of carboxyl- 


labeled chenodeoxycholic acid as the sodium salt in 0.5 ml of 


water. Approximately 46% of the administered C™ was re- 


_ covered in urine collected during 21 mouse-days. Alkaline di- 
_ gests of the carcasses contained approximately 30% of the ad- 
 ‘Ministered C™. 


Fractionation of Urinary Radioactivity—Methods of fractiona- 
tion of pooled urine from the animals were similar to those 
previously described (2). After alkaline hydrolysis of the con- 
jugated bile acids, acidic fractions containing 4.82 x 10° d.p.m. 


_ Were chromatographed! in the system of 70% aqueous acetic 


*A preliminary report of the studies contained in this paper 
Was presented at the meeting of the Federation of American 
Societies for Experimental Biology at Chicago, April, 1960. 

t This investigation was supported (in part) by a Public Health 

tvice training grant, No. 2G-446, from the Division of General 
Medical Sciences, United States Public Health Service. 

‘The designations of the fractions have been abbreviated ac- 


acid and benzene-Skellysolve B (1). Of the chromatographed 
C™, Fractions 20-1 and 20-2 contained 15%; Fractions 40-1 to 
40-4, which usually contain dihydroxycholanic acids, contained 
8%; Fractions 60-2 to 60-4, in which 6-muricholic acid is usually 
eluted, contained 23%; and Fractions 80-3 to 100-1, in which 
a-muricholic acid is usually eluted, contained 5%. 

Since the survival of the mice and recovery of C™ in the urine 
were not entirely satisfactory, improved operative and post- 
operative techniques were used in a subsequent experiment. 
Nevertheless, the preliminary studies showed extensive metabo- 
lism: of chenodeoxycholic acid in the jaundiced mouse. 

Intraperitoneal Administration of Chenodeorycholic Acid— 
Twelve mice, weighing from 23 g to 35 g were surgically jaun- 
diced as described in the preliminary experiment with more 
emphasis on combating shock and maintaining homeostasis. 
In addition, about 5 mg each of Aureomycin and sulfadiazine 
were sprinkled over the peritoneum before the incision was 
closed. These measures improved survival remarkably. Four 
days postoperatively each of the nine surviving animals received 
intraperitoneally approximately 0.4 mg (2.2 ue) of carboxyl-. 
labeled chenodeoxycholic acid as the sodium salt in 0.4 ml of 
water. The mice were divided into three equal groups, housed 
in metabolism cages, and urine was collected at regular intervals. 
After 7 days, the administration of radioactive chenodeoxy- 
cholic acid was repeated. Aliquots of urine were radioassayed 
and the average daily excretion of C™ is shown in Fig. 1. 

The fractionation and extraction procedures were similar to 
those used in the preliminary work. Fig. 2 presents a chromato- 
gram! of the free bile acids. The data are similar to those ob- 
tained in the preliminary study. Of the chromatographed C", 
Fractions 20-1 and 20-2 contained 15.3%; Fractions 40-1 to 
40-4 contained 9.6%; Fractions 60-2 to 60-4 contained 30%; 
Fractions 80-1 and 80-2 contained 4%; and Fractions 80-3 to 
100-1 contained 7.5%. Approximately 10% of C™ was detected 
in the final washing of the column with methanol. 


Identification of Trihydroxycholanic Acids 
Aliquots of the various radioactive fractions were diluted with 
appropriate nonradioactive authentic bile acids. These diluted 
materials were purified by chromatography of the acids and of 
their derivatives as well as by repeated crystallization. This 


cording to the percentage of benzene in Skellysolve B. For ex- 
ample, 20-1 is the first fraction of the eluent containing 20% 
benzene in Skellysolve B. 
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Fic. 1. Average daily excretion of C'*. Each animal received 
approximately 0.4 mg of chenodeoxycholic acid-24-C™ intraperi- 
toneally on the Ist day; the administration was repeated on the 
8th day. The heights of the bars indicate the percentages of ad- 
ministered C4 recovered. The numbers of animals used are given 
in parentheses. 
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Fic. 2. Chromatographic separation of the bile acids obtained 
from the urine of surgically jaundiced mice. The composition of 
the eluent is given as per cent of benzene in Skellysolve B, and 
the volume is given in liters (L). Four fractions were collected 
for each eluent. The heights of the solid bars from the base line 
to the top indicate the percentages of the chromatographed C'*; 
the open bars indicate milligrams of eluate. 


procedure has been demonstrated to yield more satisfactory 
evidence of the identity of the products of metabolism. The 
results of such studies are described in the following paragraphs. 

B-Muricholic Acid—Fractions 60-2 to 60-4 in which 6-muri- 
cholic acid should appear contained approximately 30% of the 
chromatographed C™. An aliquot of these fractions (3.72 xX 
10° d.p.m.) was added to 42.5 mg of authentic 6-muricholic acid 
and the mixture acetylated and chromatographed as shown in 
Fig. 3. Most of the chromatographed C™ was eluted in Frac- 
tions 0-2 and 0-3 with the triacetate of B-muricholic acid. This 
material was hydrolyzed and the free 8-muricholic acid was 
chromatographed and crystallized to constant specific activity 
from aqueous methanol and from a mixture of acetone and 
petroleum ether. The methyl ester was prepared and erystal- 
lized to constant specific activity from ether and petroleum 
ether. The data are presented in Table I; calculation from these 
data shows that 58.3% of the C™ in Fractions 60-2, 60-3, and 
60-4 was present in 8-muricholic acid. 

a-Muricholic Acid—Fractions 80-3 to 100-1 in which a-muri- 
cholic acid should appear contained approximately 8% of the 
chromatographed C™%. An aliquot of these fractions (4.68 x 
10° d.p.m.) was added to 41.7 mg of authentic a-muricholic 
acid. The mixture was acetylated; a chromatogram of the 
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Fic. 3. Chromatogram of the acetylated mixture of an aliquot ne 
of Fractions 60-2 and 60-4 with authentic 6-muricholic acid. The | sol 
composition of the eluent is given as per cent of benzene in Skelly. — _ 
solve B, and the volume is given in liters (L). Four fractions — ye 


were collected for each eluent. The heights of the solid barsfrom ‘8 
the base line to the top indicate the percentages of the chro. ' 
matographed C¥; the open bars indicate milligrams of eluate. __ 


TABLE I 
Identification of B-muricholic acid* 


| No. of 


Solvent  crystal- Amount Specific activity 

lizations Aqu 

! mg d.p.m. per mg X 1 Acet 

Methanol + H:O 26.4 5.09 Acet 
Acetone-petroleum ether 20.6 5.12 
Methy!] ester | 
Ether + petroleumether 2 14.3 5.08 
Ether + petroleum ether ! 2 8.2 5.06 re sy 

* Unlabeled 8-muricholic acid (42.5 mg) was added to 3.72 X ta 
105 d.p.m. from Fractions 60-2, 60-3, and 60-4 to give a calculated © from 
specific activity of 8.73 X 10% d.p.m./mg. Preliminary purifica- retall 
tion was achieved as described in the text. The specific activities — 
of the methyl] ester were calculated on a molar basis for compari- | porti 
son with the free acid. const: 
hydre 

product is shown in Fig. 4. The triacetate in Fractions 0-2 and and t 
0-3 retained only a small proportion of the chromatographed C" ethyl 
which nevertheless was sufficient to identify the metabolite; eg 
Most of the radioactivity was eluted in Fraction 20-3; the iden- - l 
tity of this material has not been ascertained. The acetate in . a 
Fractions 0-2 and 0-3 was hydrolyzed, the free acid chromato-) Pg 
graphed and finally crystallized to constant specific activity as "te 
shown in Table II; 2.8% of the C™ in the combined Fractions ” og 
80-3 to 100-1 was calculated to be present in a-muricholic acid. | acid in 
Identification of Bile Acids with Two Nuclear Oxygen Functoni tograp! 
Aliquots of the combined Fractions 40-1 through 40-4 were} sees la 
added to authentic unlabeled acids and the mixtures purified by _— 
chromatography of the acids and of their derivatives as well®! — * Wo 
by repeated crystallization. | = 
Chenodeorycholic Acid—After chromatography of the isotopr deri 
cally diluted acid, most of the acid was obtained in a single separat 
fraction. This acid was treated with diazomethane, and tht) acetoxy 
ester acetylated with a mixture of pyridine and acetic anhydride —— 
to form methyl 3a,7a-diacetoxycholanate. Chromatography Pt 
of this material on silica gel resulted in the removal of a had ben 
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TaB_e III 
Identification of chenodeoxycholic acid* 
30 30 Solvent crystal- | Amount 
5 d 
20- mg in 
Methyl ester diacetate 
© Methanol + H.0 3 | 17.2 3.24 
Methanol + H:O 2 12.1 3.20 
8 | Free acid 

L O Ethyl acetate + petroleum ether 2 6.9 3.21 
% CgHg! 0 ' 20 40 1 Ethyl acetate + petroleum ether 2 2.8 3.18 

ELUENT 


Fig. 4. Chromatogram of acetylated mixture of an aliquot of 
Fractions 80-3 to 100-1 with authentic a-muricholic acid. The 
composition of the eluent is given in per cent of benzene in Skelly- 
solve B, and the volume is given in liters (L). Four fractions 
were collected for each eluent. The heights of the solid bars from 
the base line to the top indicate the percentages of the chroma- 
tographed C'*; the open bars indicate milligrams of eluate. 


TABLE II 
Identification of a-muricholic acid* 
No. of 
Solvent crystal- Amount Specific activity 
lizations 
mg d.p.m. per mg X 102 

Aqueous acetic acidf 3 
Acetone-petroleum ether 2 21.2 3.23 
Acetone-petroleum ether 2 10.3 3.19 


* Unlabeled a-muricholic acid (41.7 mg) was added to 4.68 X 
10'd.p.m. from Fractions 80-3, 80-4, and 100-1 to give a calculated 
specific activity of 1.12 X 10‘d.p.m./mg. Preliminary purifica- 
tion was achieved as described in the text. 

ta-Muricholic acid is effectively purified by crystallization 
from aqueous acetic acid but variable amounts of acetic acid are 
retained; thus no specific activities were determined. 


portion of C™ from the derivative. After crystallization to 
constant specific activity from aqueous methanol, the ester was 
hydrolyzed, the product purified by partition chromatography, 
and the free acid crystallized to constant specific activity from 
ethyl acetate and petroleum ether. The data are shown in 
Table III; 5.5% of the C™ in the original combined fractions 
(40-1 through 40-4) was calculated to be present in chenodeoxy- 
cholic acid. 

?-Ketolitholic Acid—Another aliquot of Fractions 40-1 through 
40-4 was added to authentic 7-ketolithocholic acid. After 
chromatography on the acetic acid partition column, the eluted 


- acid in Fraction 40-1 was methylated and purified by chroma- 
_ tography in the same system. The principal fraction was 


acetylated to form methyl 3a-acetoxy-7-ketocholanate. This 
material was chromatographed on silica gel;? about half of the 


?Wootton (10), Wootton and Wiggins (11), and others have 
used chromatography on silica gel for the separation of the bile 


acids. In our hands, this method has given excellent separation 


of derivatives of most bile acids; however, it gave inadequate 
separation of a known mixture of nonradioactive methyl 3a- 
acetoxy-7-ketocholanate with a trace amount of radioactive 
methyl 3a,7a-diacetoxycholanate. In this case repeated crystal- 
lization gave adequate purification. Radiocarbon assay after 


five crystallizations indicated that more than 99.5% of the C% 


been removed. 


* Unlabeled chenodeoxycholic acid (33.1 mg) was added to 
1.94 X 10° d.p.m. from Fractions 40-1, 40-2, 40-3, and 40-4 to give 
a calculated specific activity of 5.86 X 10'd.p.m./mg. The spe- 
cific activities of the derivative were calculated on a molar basis 
for comparison with the free acid. 


TABLE IV 
Identification of 7-ketolithocholic acid* 
No. of 
Solvent crystal-;| Amount Specific activity 
lizations 
mg d.p.m. per mg X 102 
Methyl ester acetate 
Acetone + H,O 2 12.8 3.92 
Acetone + H,O 2 8.9 3.88 
Free acid 
Acetone + petroleum ether 3 2.2 3.90 


* Unlabeled 7-ketolithocholic acid (29.0 mg) was added to 1.55 X 
10° d.p.m. from Fractions 40-1, 40-2, 40-3, and 40-4 to give a cal- 
culated specific activity of 5.34 X 10? d.p.m./mg. Preliminary 
purification was achieved as described in the text. The specific 
activities of the derivative were calculated on a molar basis for 


comparison with the free acid. 


TABLE V 
Identification of ursodeoxycholic acid* 


No. of 


Solvent crystal- Amount Specific activity 
lizations| 
mg d.p.m. per mg X 102 

Methyl ester 

Ether + petroleum ether 3 20.5 2.03 

Ether + petroleum ether 2 15.4 2.01 
Free acid 

Acetone + petroleum ether 2 8.1 2.06 

Acetone + petroleum ether 2 3.8 2.02 


* Unlabeled ursodeoxycholic acid (37.5 mg) was added to 1.94 X 
105 d.p.m. from Fractions 40-1, 40-2, 40-3, and 40-4 to give a cal- 
culated specific activity of 5.17 X 10° d.p.m./mg. Preliminary 
purification was achieved as described in the text. The specific 
activities of the derivative were calculated on a molar basis for 


comparison with the free acid. 


radioactivity in the acetylated mixture was eluted with the 
derivative. After crystallization to constant specific activity 
from aqueous acetone, the ester was hydrolyzed. The product 
was purified by partition chromatography and crystallized to 
constant specific activity. The data are shown in Table IV; 
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7.3% of the C™ in the combined fractions (40-1 through 40-4) 
was calculated to be in 7-ketolithocholic acid. 

Ursodeorycholic Acid—<Another aliquot was added to authen- 
tic ursodeoxycholic acid and purified by acetic acid partition 
chromatography. Fractions 40-2 and 40-3 were combined, 
methylated, and chromatographed in the same system. The 
methyl ester recovered in Fractions 20-2 and 20-3 retained most 
of the chromatographed C™%. After crystallization to constant 
specific activity from ether and petroleum ether, the ester was 
hydrolyzed. The product was purified by partition chromatog- 
raphy and crystallized to constant specific activity from a mix- 
ture of acetone and petroleum ether. The data are shown in 
Table V; 3.9% of the C™ in the combined fractions (40-1 through 
- 40-4) was calculated to be in ursodeoxycholie acid. 

Amount of Each Metabolite Positively Identified—B-Muricholic 
acid was the major metabolite of chenodeoxycholic acid in the 
surgically jaundiced mouse. From the data presented, it can 
be calculated that about 18% of the chromatographed C™ was 
present in this acid, whereas less than 1% was present in each of 
the other metabolites, namely a-muricholic acid (0.2%), 7-keto- 
lithocholic acid (0.7%), and ursodeoxycholic acid (0.4%). Only 
0.5% of the unmetabolized chenodeoxycholic acid was recovered. 
These are minimal values since small amounts of each acid may 
have been present in fractions adjacent to those used for identi- 
fication. 

Examination for Other Metabolites—In our preliminary experi- 
ment an aliquot from Fractions 40-1 to 40-4 was admixed with 
authentic 3a,68-dihydroxycholanic acid. After several crys- 
tallizations, the specific activity remained constant which sug- 
gested that this acid is a metabolite of chenodeoxycholic acid 
(8). However, continuation of these studies has not given con- 
vincing evidence that 3a,68-dihydroxycholanic acid occurs in 
the urine as a metabolite. These experiments must be rede- 
signed to obtain conclusive evidence on this point. 

In the search for other metabolites, exhaustive examination 
of Fractions 80-1 and 80-2 in which cholic acid is known to 
appear showed that less than 1% of the C™ in these fractions 
could be present in this acid. However, the jaundiced mice did 
excrete cholic acid as measured by the method of Reinhold and 
Wilson (12) during the period in which metabolism of the radio- 
active chenodeoxycholic acid occurred. 


DISCUSSION 


Fractionation of the urinary C™“ from these experiments indi- 
eated that extensive metabolism of the administered radioac- 
tive chenodeoxycholic acid had occurred. $-Muricholic acid 
was the main metabolite of chenodeoxycholic acid whereas 
a-muricholic acid was a minor metabolite in surgically jaundiced 
mice. A small percentage of the C in the dihydroxycholanic 
acid fractions was found to be present in chenodeoxycholic acid, 
ursodeoxycholic acid, and 7-ketolithocholic acid. These results 
resemble those obtained in the study of the metabolism of 
chenodeoxycholic acid in the rat (2, 3, 13, 14). 

Mahowald et al. (13) and Samuelsson (14) have suggested 
that the major metabolic pathway of chenodeoxycholic acid in 
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the rat consists of 68-hydroxylation to form a-muricholic acid, 
followed by inversion of the hydroxyl group at carbon 7 to form 
B-muricholic acid, probably through a 7-keto intermediate. 
Samuelsson has further suggested that a minor pathway involves 
oxidation of chenodeoxycholic acid to form 7-ketolithocholic 
acid, reduction of the latter acid to ursodeoxycholiec acid, and 
subsequent 66-hydroxylation to form 8-muricholic acid. These 
postulates appear to be equally applicable to the mouse in view 
of the similarity of metabolites identified. 

The familiar characteristics of the bile acids in forming com. 
plexes necessitate especial care in their identification. Chroma- 
tography and crystallization alone are often inadequate to differ- 
entiate trace amounts of radioactive bile acids, particularly 
those of similar chromatographic characteristics (15). The im- 
portance of the preparation of derivatives in the purification 
and identification of bile acids has been emphasized by these 
experiments. 


SUMMARY 


Approximately 0.4 mg (2.2 ue) of carboxyl-labeled cheno- 
deoxycholic acid was given intraperitoneally to each of a group 
of surgically jaundiced mice. Examination of the urine resulted 
in the identification of a-muricholic, 6-muricholic, ursodeoxy- 
cholic, and 7-ketolithocholic acids as metabolites of chenodeoxy- 
cholic acid. 
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Since the classic work of Adair (1), the molecular weight of 
mammalian hemoglobins, in neutral solutions and at mod- 
erate protein concentration, has been considered to be 
68,000, 4 times the minimal molecular weight calculated on the 
basis of the iron content. This corresponds to the presence of 
four oxygen-combining centers per molecule, and the functional 
properties of the pigment have been, accordingly, evaluated on 
the basis of these four centers (2). However, observations 
indicating a change in the molecular weight of hemoglobin in 
neutral solutions containing various other components have been 
reported in the literature (2). Of particular interest in this 
respect is the effect of high concentrations of NaCl, which have 
been stated by several authors (3-6) to produce a splitting of 
the oxygenated molecule into subunits of about half the normal 
molecular weight. However, as we have already pointed out 
(7), in strong salt solutions there is an apparent inconsistency 
between the figures observed for the molecular weight of hemo- 
globin and the character of the oxygen equilibrium, if we ac- 
cept the classic view regarding the latter. 

It seemed, therefore, of the greatest importance to undertake 
a systematic investigation, under comparable conditions, of 
the effect of strong salt solutions on the molecular weight and 
on the oxygen equilibrium of hemoglobin and to extend the 
molecular weight determinations to the deoxygenated deriva- 
tive. This appeared to us to be especially important because 
one group of investigators, namely Putzeys et al. (8), failed to 
observe the splitting found by all the others. Moreover, all the 
previous investigations have been performed with the oxygen or 
carbon monoxide derivatives of hemoglobin. 

In this paper, we report light scattering and sedimentation 
data on oxyhemoglobin and hemoglobin at pH near the isoionic 
point, at ionic strengths ranging from 0.05-0.1 to 3. In the 
hext paper of the series, we report companion data on the oxygen 
equilibrium of the pigment under the same conditions. In a 
third paper, we shall discuss some of the implications of the 
results. Still later we plan to present the results of similar 
studies under other conditions. ; 


EXPERIMENTAL PROCEDURE 


Hemoglobin Solutions—Human hemoglobin was prepared from 
freshly drawn blood. The cells were washed repeatedly with 1% 
NaCl solution and hemolyzed by the addition of 3 to 4 volumes 
of distilled water. 


The hemoglobin solution was then brought to 20% saturation 
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with neutralized ammonium sulfate (10), left standing for about 
15 minutes, and centrifuged at 20,000 x g for 1 hour at 2°. The 
precipitate which formed was discarded. 

To remove the salts, the hemoglobin solution was dialyzed in 
the cold, with gentle mechanical agitation, against several 
changes of deionized water for 48 to 72 hours. At the end of 
this time, no sulfate ions could be detected in the solutions, the 
ionic strength of which was estimated by conductivity measure- 
ments to be less than 1 X 10~. 

The pH of the hemoglobin solution after the dialysis was 6.8 
+ 0.1; the pigment did not contain appreciable amounts of the 
ferric form. In all cases, the experiments were performed within 
a week from the end of the preparation. In the meantime, the 
solutions were stored at 2°; no significant change in any of their 
properties was observed within this time. 

Seven hemoglobin preparations from three different persons 
(B. G., L. B., I. V.) were used in the course of the work. 

Light Scattering Measurements—The different hemoglobin 
derivatives (Hb, HbO., HbCO, Hb*) all have very large absorp- 
tion coefficients in the visible and near ultraviolet, and it is 
impossible to make light scattering measurements at the usual 
wave lengths (436 and 546 my). Light scattering measurements 
on these pigments must therefore be performed in the red region 
of the spectrum, where the absorption coefficients are low. The 
procedure adopted here was to use a wide band of red light. The 
absolute values of molecular weight were obtained from the 
light scattering data with the aid of reference measurements on 
serum albumin solutions. 

The experimental arrangement used was briefly as follows. 
The normal lamp house of the Brice-Phoenix photometer (11), 
carrying the mercury lamp and the filters, was removed and 
replaced by a slide projector (Leitz Prado 250), equipped with a 
200 W tungsten lamp. A red glass Coleman filter was mounted 
in front of the shutter collimating tube of the photometer. Fig. 
1 shows the transmission of the filter and of 0.56% HbO. and Hb 
solutions (l-cm light path) in the red region of the spectrum. 
The light obtained from the tungsten lamp with the red filter 
which covers an appreciable band of wave lengths will be denoted 
by A (red). The transmission of the neutral filters in the ap- 
paratus and the linearity of the response of the instrument were 
checked again under the new experimental conditions. With 

this simple arrangement, the scattering of HbO2 and Hb solu- 
tions can be measured easily in the usual protein concentration 
range, say from 0.05 to 1.0%. 
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Fig. 1. Spectrophotometric transmission curves of Coleman red 
filter (——), 0.5% HbOsz (----), and 0.5% Hb (... .); 1-cm path 
length for hemoglobin solutions. 


The equation generally employed in calculation of the light 
scattering data is! 


Ke/Rw» = 1/M + 2Bc (1) 


where K = 22°no?(dn/dc)?/Nd.'; Roo = ir?/i, ; M = weight av- 
erage molecular weight; c = solute concentration in g per ml of 
solution; no = refractive index of solution; B = interaction con- 
stant, the second virial coefficient; 1 = intensity of the light 
scattered per unit volume, observed at a distance r; % = inten- 
sity of the incident beam. 

In our work we substituted for this the empirical equation 


Kyc/i = 1/M + 2Be (2) 


where K; is an empirical constant which depends not only on 
the nature of the system being studied, but also on the particular 
properties of the instrument; 7 is the ratio between the intensity 
of the light scattered at 90° and the intensity of the light emerg- 
ing from the solution at 0°, as directly measured with the aid of 
neutral filters and the working standard whose calibration was 
checked from time to time; c, M, and B are as in Equation 1. 

The values of K; for \ (red) for serum albumin (sa), in the same 
solvents, were determined with the aid of measurements at A = 
546 mu on the basis of the following relation which may be de- 
duced from Equations 1 and 2: 

K 


t Jrrea Roo / 546 my 


From this, the corresponding value of K;, also for X (red) for 
hemoglobin, whether oxy- or deoxy-, were obtained by means of 
the equation 

(Ki) (dn/de)ix» 
(K i) sa (dn/ dc) ea 


which is implicit in the relations presented above.? 
Measurements of the refractive index increment were made 
with the Brice differential refractometer (13) with the same light 


1 For a full discussion of the theory of light scattering and for 
the definition of the quantities involved see reference (11). 

2 There is an approximation involved here because of the fact 
that » (red) is not strictly monochromatic, but its effect is insig- 
nificant. 
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source and filter arrangement as used in the light scattering 
measurements on hemoglobin. The value of dn/dc obtained in 
this way was 0.197 + 0.003 for oxyhemoglobin and hemoglobin 
alike, both in weak and concentrated salt solutions; its value for 
serum albumin was 0.186 + 0.003 both in weak and concentrated 
salt solutions. On the basis of all the data, the value of K; for 
both Hb and HbO, for A (red) was taken as 0.97 X 10-® at al] 
salt concentrations. 

No correction for light absorption by the solutions wag re. 
quired, since the correction for light absorption by the solutions 
is implicit in the method of measurement in the Brice-Phoenix 
apparatus up to absorption coefficients of about 0.8, as shown 
by Brice (13). No depolarization factor was taken into account, 
and the measurements were made at 20° in a temperature con- 
trolled room. 

The calibrations of the light scattering apparatus for the 
usual wave lengths 436 and 546 muy and the routine of measure- 
ments were the same as reported before (14). 


The only modification was that, beside the filtration, the Hb _ 


solutions, unless otherwise stated, were clarified by ultracentrifu- _ 


gation for at least 1 hour at 38,000 r.p.m. in the Spinco model L 


centrifuge. Filtration through sintered glass filters (1 u pore | 
size) was by itself found to be inadequate for complete clarifica- 


tion of the solutions, especially at high salt concentrations. 
The hemoglobin was prepared as follows. 


the filter by nitrogen pressure into the light scattering cell. The 


addition of dithionite is necessary to complete the deoxygena- | 


tion of the HbO, and to prevent the reoxygenation of the pigment 
during the filtration. 


Additional measurements of the intensity of scattered light © 


at 135° and 45° were also carried out on several HbO, and Hb 
solutions as a control on the symmetry of scattering under dif- 
ferent experimental conditions. 

When the solutions were clarified by centrifugation and 


filtration, the dissymmetry values 445° /7; 35° were less than 1.1 under | 


all conditions. If the solutions were incompletely clarified, 1. 
without ultracentrifugation, values of %%s°/%135° sometimes even 
above 2 were observed. 

Under no conditions was there any change in the light scat- 
tering properties of Hb with time up to several hours. 

The concentrations of the hemoglobin solutions were deter- 
mined spectrophotometrically at\ = 540 mu for = 
8.5) and 555 my for Hb (E12 = 7.6). | 

It has been estimated that, by the procedure outlined above, 


Kic/t can be determined with an error less than 10%. As 4 { 


control, we compared values of K:c/i at X (red) with values of 
Kce/Rso at 546 mu for several proteins (human globin, Bence- 
Jones protein, aldolase) and found the values to agree within 3%. 

Sedimentation Experiments—Sedimentation experiments were 
performed with a Spinco model E centrifuge at 59,780 r.p.m., 
at a temperature of about 20°. 
constant reduced to water at 20° are given in Svedberg units 
(S x 10-8). The corrections for the density and viscosity o 
the solutions assume great importance in the case of concen- 
trated salt solutions. Therefore, the validity of the corrections 
was tested by a few runs with other proteins, such as lysozyme 


and human serum albumin; in these cases, the corrected value | 


The values of sedimentation ; 


An oxyhemoglobin 
solution, clarified by centrifugation, was poured onto a sintered — 
glass filter and partially deoxygenated by bubbling nitrogen | 
through it; a small amount of dithionite (less than 0.5 mg per ml) — 
was then added, and the solutions were forced rapidly through — 
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of 8o.2 in 2 M NaCl agreed within 10% with those obtained in 
0.1 m NaCl. In the experiments in strong salt solutions, a 
double sector cell was employed in some cases to obtain the base 
line. 

In the runs on hemoglobin, a few crumbs of dithionite were 
added to the HbO:z solution immediately before filling of the cell. 

Some of the sedimentation data on oxyhemoglobin were ob- 
tained on unpurified red cell hemolysates. The agreement 


between the results so obtained and those obtained under the 


same conditions with oxyhemoglobin preparations treated with 
ammonium sulfate indicates that the purification procedure does 
not significantly modify the behavior of the pigment. 

Salt Solutions—The salts employed were analytical grade 
reagents which were used without further purification. The 
solutions were prepared in distilled water further deionized by 
passing through an anion exchange column. 


RESULTS 


Molecular Weight of Human HbO,2 and Hb in Phosphate Buffer 
0.05 M pH 7—The values of the weight average molecular weight 
obtained by light scattering for three preparations of Hb and 
HbO; in dilute phosphate buffer, such as is generally employed 
in hemoglobin experiments, are reported in Table I. It will be 
observed that these are in agreement with those reported in the 
literature under the same experimental conditions by several 
authors using different methods. The slopes of the light scat- 
tering plots (K,c/t against c) are nearly zero for both hemoglobin 
and oxyhemoglobin. 

The sedimentation patterns cf both Hb and HbO: in the same 
buffer showed the presence of only a single component; 50.2 
had a value of 4.45 + 0.1 for HbO2 and 4.55 + 0.1 for Hb. The 
slope of s against c was, as reported by other authors (15), 
slightly negative. 

Light Scattering and Sedimentation of Human HbO, and Hb at 
High Salt Concentration—The light scattering data for one 
preparation of oxyhemoglobin in NaCl solutions from 0.1 to 2 
ware shown in Fig. 2. In this case, it will be seen that at any 
one salt concentration, the values of K;c/z appear to lie on a 
straight line of greater or less negative slope. Such lines form 
a family, the lines for higher salt concentrations always lying 
above those for lower salt concentrations and tending to have a 
greater negative slope; it is clear from this that increasing the 
salt concentration leads to a decrease in the weight average 
molecular weight, and that there is a dissociation of the protein 
into subunits in strong salt solutions. The values of the inten- 
sity of the scattered light are in all cases reached within the 
shortest time in which it is possible to make light scattering 


TABLE I 


Molecular weight of human HbO:2 and Hb by light scattering 
in KH2PO, + K2HPO, buffer pH 7, 0.05 m at 20° 


Hemoglobin preparation Mol. wt. HbO2 Mol. wt. Hb 
Mol. wt. X 107% Mol. wt. X 107% 
No. 1 65.4 74.5 
No. 2 70.9 66.5 
No. 6 71.2 67.1 
No. 7 62.4 59.5 
Mean + standard error... 67.544 66.9 + 5 
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Fig. 2. Light scattering data for isoionic human HbO; (prep- 
aration No. 6) in concentrated NaCl solutions. 


measurements after mixing the salt and protein solutions, and 
do not change with time up to several hours. The dissociation 
is, therefore, very rapid. 

In the case of light scattering data, the problem of obtaining 
exact values of the weight average molecular weight at each 
protein concentration is complicated by the difficulty of separat- 
ing the effects of changes caused by protein dissociation from 
those caused by the interactions between the protein and the 
salt and water of the solvent. In the light of earlier studies 
on protein-salt interactions (reviewed in reference (11)), we 
believe that we are justified in ascribing the observed salt effects 
at low protein concentrations primarily to changes in the weight 
average molecular weight of the protein. This point is treated 
further under “Discussion.” 

If, somewhat arbitrarily, we extrapolate the lines to zero 
protein concentrations, we obtain values of weight average mo- 
lecular weight that may be regarded as characteristic of the 
protein at low, but by no means zero, concentrations; such values 
will be used in the course of this paper to characterize the 
molecular weight of hemoglobin at the different salt concentra- 
tions. A more detailed analysis of the light scattering data 
and the discussion of the light scattering plots will be given later. 
It is noteworthy that there is no tendency of the lines to turn 
upwards at the lowest concentrations, even when the measure- 
ments were extended downwards to concentrations as low as 
0.2 g per liter. 

The values of the weight average molecular weight obtained 
by extrapolating the straight lines to zero protein concentration 
in NaCl solutions up to 3 M are shown in Fig. 3. It will be seen 
that in the most concentrated NaCl solutions, a value of about 
40,000 is obtained; this value is close to half the generally ac- 
cepted molecular weight (68,000) observed at the moderate 
salt concentrations in which most past studies on hemoglobin 
have been made. 

Additional data on the apparent molecular weight of HbO. 
and Hb at low protein concentrations in concentrated solutions 
of different salts are given in Table II. The data show that the 
different salts have an effect similar to that of NaCl, and also 
that the values for Hb are close to those obtained under the 
same conditions for HbOs. 

Dissymmetry values as high as 1.05 to 1.1 were frequently ob- 
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TaBLeE III 
Reversibility of dissociation of human HbO:2 in = 
concentrated salt solutions d 
Hemoglobin solutions Mol. wt. s 
- Mol. wt. X 10-3 ¢ 
(a) BHbOs im 2 NaCl... . 39.2 d 
(b) = solution (a) after dialysis against 0.1 Mm NaCl. 69.5 " 
(c) = solution (b) returned to 2m NaCl........... 42.5 i op 
g 
h 
be 
m 
vs 
Fic. 3. Apparent weight average molecular weight of human ‘ 
isoionic obtained by extrapolation of light scattering data. 3 ce: 
Different symbols indicate different hemoglobin preparations. x | wi 
an 
TABLE II 2 he 
Molecular weight by light scattering of human HbO:2 and at 
Hb in concentrated salt solutions, at low 1- mc 
protein concentrations g/m. 10? an 
te. Salt concentration wt Mol. wt. Hb 5 10 
| Fig. 4. Sedimentation data for isoionic human HbO2z (O) and gag 
M Hb (@) at different protein concentrations, in 0.1 and 2 Mm NaCl. 
4 NaCl 2 m 40.3 44.8 - Wei 
5 NaCl 2 m + phosphate 40.0 45.5 TaBLe IV wit 
buffer 0.05 m pH 7 Sedimentation constant of HbO2 and Hb dissolved in tior 
5 KCl 2m 44.3 46.7 concentrated salt solutions | 
5 M + 42.2 46.1 
uffer 0.05 m pH 7 Hemoglobin /Protein con- Solvent tion con- 
5 Phosphate buffer 1 m pH 46.7 43.5 stant, 
7 on | 
g/ml X 108 
7 Phosphate buffer 1 m pH 41.1 36.3 HbO, 3 tae 9 nt 3 6 expe 
7 2 
HbO: 4 |KCli1 3.8 | thet 
4 KCl 0.5m 3.9 is sti 
served in the light scattering of HbO, and Hb in strong salt sl : ne aie ere tein 
solutions, even after the solutions had been clarified by pro- Hb K.HP 0,-KH.P on prese 
longed centrifugation and repeated filtration. This suggests HbO; K.HPO,-KH PO, OH 7 05 i. 3 6 of th 
that the values for the molecular weight of HbO, and Hb at pho . 4 K:HPO,-KH2PQ, pH 7 0.5 M 3.5 theor 
high salt concentrations may, in certain cases, still be slightly yp 3 K:2HPO.-KH2PO, pH 7 0.5 m 3.6 five I 
too high because of the presence of a small amount of large ag- Hb 4 K:2HPO,-KH2PO, pH 7 0.5 M 3.5 diffus 
gregates which have not been removed by the clarification pro- the n 
cedure. extra, 
The dissociation in strong salt solutions is readily reversed by _ shows only a slight decrease of molecular weight in 2 M NaCl For 
removal of the salt by dialysis against a weak NaCl solution (reference (4) and Table II). garde 
(Table IIT). Values of the sedimentation constants of HbO: and Hb mm} serum 
Control light scattering experiments on serum albumin showed _ strong salt soJutions are shown in Fig. 4 and Table IV. The tions, 
that the molecular weight of this protein in 2 mM NaCl agreed values of s always decrease with increase in salt concentration. In | 
within 5% with that obtained in 0.1 m NaCl. Human globin, In the most concentrated salt solutions, the sedimentation preser 


which has a molecular weight of about 40,000 in 0.1 m NaCl, constant has a value of about 3.3 S. Thus, the dissociation of ” 
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hemoglobin in strong salt solutions is accompanied by a very 
large drop in the sedimentation constant. Under all the con- 
ditions examined, the sedimentation pattern showed only a 
single symmetrical boundary. 

Reproducibility of the Light Scattering Results at Different Salt 
Concentrations—F ig. 2 shows that the light scattering data for 
different hemoglobin preparations are quite concordant. As 
mentioned in the experimental part of the paper, it was found 
necessary, for reproducibility of the results, to clarify the hemo- 
globin solutions carefully by ultracentrifugation before study. 
Indeed, in preliminary experiments, it was found that if the 
solutions used in the light scattering experiments were clarified 
only by filtration through sintered glass filters, the results were 
not reproducible, large values of dissymmetry (t.e. %45°/t135°) 
being observed and the weight average molecular weight being 
much higher, particularly at high salt concentrations, than the 
values reported above. These findings, and the effect of cen- 
trifugation on the hemoglobin solutions are shown in Table V. 

The greater weight average molecular weights observed in 
certain cases appear to be due to a small amount of hemoglobin 
which aggregates to form very large particles, although this 
amounts to less than 1% protein by weight. The aggregated 
hemoglobin may be seen in the form of a red gelatinous pellet 
at the bottom of the tubes after the centrifugation; this effect is 
more evident for some hemoglobin preparations than for others, 
and for a given preparation it varies with the experimental 
conditions. This finding would seem to be important, since it 
might explain the results obtained by Putzeys e¢ al. on the light 
scattering of HbCO at high salt concentrations. Sometimes, as 
we have already pointed out, somewhat high values of molecular 
weight, as obtained by light scattering, were obtained, even 
with solutions which had been carefully clarified by centrifuga- 
tion. 

DISCUSSION 


The values of molecular weight by light scattering obtained 
on Hb and HbO, in phosphate buffer 0.05 m pH 7 are in good 
agreement with the values obtained under the same conditions 
by different methods and confirm the validity of the light scat- 
tering method for the determination of the molecular weight of 
hemoglobin derivatives (5). Because of the great range of 
experimental conditions to which this method is applicable, it 
should become a powerful tool in the investigation of hemoglobin. 

It is to be noted that the light scattering equation used in 
the treatment of the experimental data (Kc/Ro = 1/M + 2Bc) 
is strictly applicable to only a two component system, t.e. pro- 
tein and pure water. When, as in the present case, salts are 
present, the system is a multicomponent one and the treatment 
of the experimental data according to Equations 1 and 2 is 
theoretically inadequate (11). Particularly, the possible selec- 
tive binding of some of the “diffusible” components to the ‘“‘non- 
diffusible” component must be taken into account to evaluate 
the molecular weight of the “nondiffusible” component from the 
extrapolated value of Kc/Roo. 

For protein in salt solution, this effect has generally been re- 
garded as negligible, even when the protein, as in the case of 
serum albumin in sodium chloride or sodium thiocyanate solu- 
tions, has a relatively high affinity for small ions (11). 

In the case of hemoglobin, under the conditions used in the 
present experiments, no independent data are available for the 


_ binding of small ions to the protein by which the effect of se- 
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TABLE V 


Molecular weight of HbO2z at different salt concentrations, before 
and after clarification by ultracentrifugation 


M Mol. wt. X 107% Mol, wt. X 107% 
5 X 10 3 144.0 66.5 
2.5 X 107 2 61.4 
2 2 92.8 39.2 
1 2 76.0 47.2 


lective binding on the molecular weight calculated according to 
Equations 1 and 2 can be determined quantitatively; however, 
several data in the literature suggest that the affinity of hemo- 
globin for small ions is not very large. It is believed that the 
contribution of the binding of small ions to the molecular weight 
of hemoglobin calculated according to Equations 1 and 2 is not 
greater than a few per cent in all the conditions described in the 
text. 

In strong salt solutions, the light scattering data show that 
hemoglobin dissociates to a greater or lesser extent into subunits 
as the salt concentration is raised. The weight average molecu- 
lar weight of about 40,000 observed in the strongest salt solu- 
tions studied (3 Mm) indicates that the great majority of the mole- 
cules exist in a dissociated form. The dissociation is accompanied 
by a decrease of the sedimentation constant from 4.6 in 0.1 m NaCl 
to 3.3 in 2 mM NaCl. 

These results confirm the previous observations by different 
authors (3-6) on the dissociation of mammalian hemoglobins in 
strong NaCl solutions. The results of Putzeys et al. (8) which 
indicate an increase, instead of a decrease, of the molecular 
weight of COHb in strong chloride solutions, are probably to be 
explained by the gross aggregation of a very small part of the 
pigment; this would, of course, give rise to a great increase in 
the apparent molecular weight. There are, however, differences 
of detail among the results of previous investigators as well as 
between ours and theirs. In particular, our results and the older 
osmotic data obtained by Gutfreund (4) show dissociation in 
strong salt solutions even at high (about 1%) protein concen- 
tration. In contrast, recent experiments of Benhamou eé al. 
(5, 6) indicate the absence of dissociation. We have checked 
and rechecked our results in the light of these experiments, and 
we have no explanation to offer for the inconsistency. 

The results of the present work indicate that deoxygenated 
human hemoglobin also dissociates in concentrated salt solu- 
tions just like oxyhemoglobin. The effect of other salts on 
oxyhemoglobin and hemoglobin is similar to NaCl. 

Nevertheless, the sedimentation experiments, in a solvent 
consisting of two or more components, are not so simple to 
interpret. The finding of one symmetrical boundary in our 

sedimentation experiments at the different salt concentrations 
appears to be the expression of a rapidly established equilibrium 
between different molecular species. Because of this, the 
observed weight average molecular weight appears, under most 
conditions, to be a nonintegral multiple of the minimal molecular 
weight (16,000). The protein indeed consists of a dynamic 
mixture of components of different molecular weights. From a 
general point of view, these results emphasize the difficulty of 


3 At a protein concentration higher than 0.4% in 1 m NaCl. 
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establishing the molecular individuality of a protein in solu- 
tion. 

An interpretation of the way in which the splitting occurs in 
strong salt solutions must await the outcome of hybridization 
experiments now in progress in this laboratory. 

In this connection, it is relevant to observe that globin, which 
appears to consist mainly of half units in the middle range of 
ionic strength, fails to dissociate to any considerable extent in 
solutions of high salt concentration. 

Further discussion of this salt effect and the implication of 
these results for the interpretation of the oxygen equilibrium of 
Hb will be reported later. 


SUMMARY 


The effect of salts on human adult hemoglobin has been studied 
by light scattering and sedimentation. 

In strong salt solution, hemoglobin and oxyhemoglobin ap- 
pear to dissociate to a greater or lesser extent into subunits as 
the salt concentration is raised. 

The weight average molecular weight of 40,000, calculated by 
light scattering at the highest salt concentrations studied (2 to 3 
M), indicates that the majority of the hemoglobin molecules 
exist in a dissociated form. 

The decrease of the sedimentation coefficient from 4.6 Sved- 
bergs in 0.1 m NaCl 103.3 in2 m NaCl provides strong additional 
support to the conclusion drawn from light scattering measure- 
ments. 
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Of the factors affecting the oxygen equilibrium of hemoglobin, 
salts have hitherto been very incompletely studied. The few 
scattered data in the literature before 1938 have been reviewed 
by Sidwell et al. (2). These authors themselves investigated the 
effect of increasing the concentration of several salts on the O2 
bound by Hb at one fixed oxygen partial pressure (pO2). Ac- 
cording to them, salts have a general depressing effect on the 
Hb-O; equilibrium, but from their data, it is impossible to dis- 
tinguish between the effects of salts on the O: affinity and on 
the shape of the Oz dissociation curve. More recently, O: dis- 
sociation curves of horse Hb dissolved in phosphate buffer of 
various concentrations have been studied by Takashima (3). 
In the previous paper of this series, we reported the effect of 
high concentration of neutral salts on the molecular properties 
of human Hb (4). The data obtained indicate that the molecu- 
lar weight of human Hb, near the isoelectric point, decreases 
greatly as a result of increasing the salt concentration of the 
medium from 0.1 to 3 mM. As a companion study, a detailed 
investigation of the effect of salts on the shape of the O: dissocia- 
tion curve and on the O, affinity of human Hb has been under- 
taken, the results of which are reported here. The measurements 
covered not only the range of high salt concentrations (up to 3 M) 
used in the study of the molecular properties, but were also 
extended downwards from the range ordinarily employed to 
ionic strengths less than 10-4. 


EXPERIMENTAL PROCEDURE 


Hemoglobin Solutions—Human blood was collected with 
heparinized 1% NaCl solution in the syringe. It was taken from 
a single nonsmoking individual during the course of the entire 
investigation. The red cells were washed several times with 
saline and hemolyzed by adding 10 volumes of water. The 
stroma was removed by centrifugation at 20,000 r.p.m. for 30 
minutes, and the Hb solution so obtained was dialyzed in the 
cold against a 100-fold larger volume of deionized water, fre- 
quently changed, for 48 to 72 hours with gentle mechanical 
agitation. No chloride ions could be detected in the solution 
after the dialysis. The concentration of Hb after dialysis was 
0.5 to 1%, and the pH was near 6.9; the latter was adjusted to 
exactly 7 with NaOH. The ionic strength of the solutions so 
obtained was estimated by conductivity measurements to be 


ay A preliminary note on some of these experiments has appeared 


less than 1 X 10-4. The Hb solutions were always used within 
4 days of their preparation and, in the meantime, were stored 
at 2-5°. Control experiments showed that within this time no 
appreciable change occurred in the oxygen equilibrium. Other 
control experiments showed that the O2 equilibrium curves ob- 
tained in phosphate buffer 0.3 m did not differ appreciably be- 
tween the dialyzed and undialyzed hemolysates. 

Since the values of the molecular properties in the different 
conditions reported in the previous paper were obtained with 
Hb which had been purified by ammonium sulfate treatment, 
several O2 equilibrium curves were determined on the same Hb 
solutions used for the light scattering experiments. In agree- 
ment with our previous observations (5), the curves were found 
to be the same, within experimental error, for the hemolysate 
and for the purified Hb, both at low and high salt concentrations. 

Salt Solutions—The salts used were analytical grade com- 
mercial products and were not recrystallized. They were dis- 
solved in deionized water and the pH was, in each case, carefully 
adjusted to 7 with small quantities of the acid or the base. 

Determination of the Dissociation Curves—The equilibrium 
curves were determined by the spectrophotometric method 
previously described (6). In all the experiments, the concen- 
tration of Hb was between 2.0 and 2.5 X 10-‘ m in terms of Fe. 
At the end of each experiment, the pH of the solution was 
measured with a pH meter (Beckman model G); it was always 
7.0 + 0.1. The values for the O2 affinity were all corrected to 
pH 7, taking into account the Bohr effect in this region of pH 
((d log p$/dpH)r = —0.45) (7). No formation of ferri-Hb 
could be observed during the determination of the O2 equilib- 
rium curves. The temperature was 20° + 0.2, unless otherwise 
stated. The change in pH during oxygenation, in the unbuffered 
solutions, is very small at the low Hb concentrations used in 
this work, and no attempt was made to allow for it. The Hb 
was mixed with the salt solutions immediately before the deter- 
mination of the O2 equilibrium curve, unless otherwise stated. 


RESULTS 


Oxygen Equilibrium of Human Hb at Low Salt Concentrations— 
Fig. 1 shows the O2 equilibrium curves obtained in phosphate 
buffers of concentrations varying from 2.5 x 107 to less than 
2.5 < 10-* m (no salt added). 3 

In these curves, the percentage of saturation of Hb, y, is plotted 
against the logarithm of the O2 pressure, p. 
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It will be observed that, on varying the salt concentration, 
both the shape of the curves and their position along the log p 
axis change greatly. The sigmoid character of the curves de- 
creases with the decrease of the salt concentrations, and at the 
same time, the affinity increases. 

It is convenient to define each curve by two parameters, one 
indicating its position along the log p axis (1.e. O2 affinity), the 


1 
HPQ, + 
Y 2.5 x107°M 
a @ 2.5x10*M 
2.5x103M 
& 2.5 
2.5x107' M 
7 1 T 
-0.5 0 +05 +10 log p 


Fig. 1. Oxygen equilibrium of human Hb in phosphate buffer 
of various concentration. Hb concentration 2 to 2.5 X 10°-!m 
as Fe; pH 7.0; 20°. 7 


1. K,HPO, +KH,PO, ° 
log pi 
05 | 
log c 
-§ -4 -3 -2 -1 0 +1 
3. 
° 
n 
240 
log 
-5 -4 -3 -2 -1 0 +1 


Fig. 2. Oxygen affinity and shape of the Oz dissociation curve 
of Hb in phosphate buffer of various concentration. Log p} = 
logarithm of O2 partial pressure in mm Hg for 50% saturation; n = 
the exponent in the Hill empirical equation, y = K(pQ2)"/1l + 
K(pO2)"; log c = logarithm of the salt concentration in moles per 
liter; other conditions as in Fig. 1. 
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+05 +10 log 


Fic. 3. Oxygen equilibrium curves of human Hb in the presence | 


of glycine and of various electrolytes. 1 = 0.2 m glycine, n = 


2.05; 2 = 0.2m Tris HCl, n = 2.7;3 = 0.4m NaCl, n = 2.7;4=0] | 


M citrate, nm = 2.8. Other conditions as in Fig. 1. 


other its sigmoid character. Since between y = 0.1 and 0.9 all 
the curves can be fitted by the Hill empirical equation, y = 


K(pO2)"/1 + K(p0.)", the values of pK = log p} (i.e. the value _ 
of p for which y = 3) and of n corresponding to this equation | 


are used for this purpose. The values of n were obtained from 
plots of log (y/1 — y) against log p in the middle range, centering 
about y = }. 


1.0 drops to 0.41. In Fig. 2, values of log p} and of n for dif- 


ferent concentrations of phosphate buffer are plotted against the © 
A roughly linear relation appears © 
to exist between them in the range of salt concentration from {| 


log of the salt concentration. 


2.5 X 10-4 to 2.5 X M. 


Results similar to those in phosphate were obtained with : 
In all cases, increasing the salt concentra- | 


several other salts. 
tion up to about 0.1 mM produces an increase of n and an increase 


of p}. 


In Figs. 4 to 7, the values of log p} and of n obtained for dif- 
ferent salts in the concentration range from 10-* to 107 M are 
plotted against the logarithm of the salt concentration. It 
should be noted that each point represents a complete oxyget 
equilibrium experiment, itself involving at least five points. The 


examination of these data reveals some interesting findings. ) 


The increase in the value of n with salt concentration seems t0 
depend only on the ionic strength of the solution, and not 00 
the specific nature of the salts; (although we do not actually 
present graphs of n against ionic strengths, this can easily be 
deduced from the data, if the values of for the different salts 
are plotted against the ionic strength, all the points obtained li 


In the data shown in Fig. 1, the value of n is 2.9 _ 
for 2.5 X 10-1 m phosphate and drops to 1.4 at a concentration — 
less than 2.5 X 10-4 M; the corresponding values of log p} from — 


In Fig. 3, some representative O2 equilibrium curves | 
obtained for Hb in solutions of different salts are shown. Al- | 
though the curves do not, by any means, conform exactly to the } 
Hill equation, the fact that the parameter n suffices adequately | 
to characterize their shape is apparent on superimposition of . 
curves having the same value of n and obtained in different salt | 
solutions in which there may be considerable differences in 7}. | 
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in Fig. 4 the increase of p} with the salt concentration is greatest 


KCL 
@ NaCl 
log as x Tris HCL 
x 
x 
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Fic. 4. Oxygen affinity and shape of the O2 dissociation curve 
of Hb in different chloride solutions. Other conditions as in Fig. 


log p> °° 
05 _ 


n 


log c 


Fic. 5. Oxygen affinity and shape of the Oz dissociation curve 
of human Hb in Na2SQ, solution. Other conditions as in Fig. 1. 


onthesame line). In contrast, the effect on p+ does not depend 
simply on the ionic strength of the solutions, but also on the type 
of salt. This fact is clearly illustrated in Fig. 4 in which the 
data for three different chlorides are shown. This brings out 
the importance of the nature of the cation. It will be seen that 


for KCl, less for NaCl, and least for Tris HCl. 


Several O, dissociation curves were made with no added salts 


(ionic strength less than 1 x 10-*) and the following values 


were obtained: log p} = 0.38 + 0.1l;n = 14 + O1. Under 


Na, 


+1 


' 
W + 
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Fic. 6. Oxygen affinity and shape of the O» dissociation curve 


of human Hb in sodium citrate solutions. Other conditions as in 
Fig. 1. 


1. Glycine 


-5 -4 3 -2 -1 0 + 
Fig. 7. Oxygen affinity and shape of the O. equilibrium curve 


of human Hb in glycine-NaOH solutions. Other conditions as in 
Fig. 1. 
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these conditions, curves obtained in different experiments often 
showed slight variations and tended to be somewhat asym- 
metrical. 

Oxygen Equilibrium Curves at High Salt Concentrations—Fig. 
8 shows the O2 equilibrium curves obtained in phosphate buffers 
from 0.3 to 2M. It can clearly be seen that in this high range 
of ionic strength, whereas p} decreases with rising salt concen- 
tration, n increases. The value of n = 2.9 in 0.3 m phosphate 
rises to 3.1 in 2M phosphate. Similar effects on n were obtained 
with other salts, and the values of n obtained at these high salt 
concentrations are the greatest that have been observed. In 
contrast, the behavior of p} at high salt concentrations is ir- 
regular; in some salts it increases, whereas in others it decreases. 

To throw further light on the behavior of the O2 equilibrium 
of Hb in strong salt solutions, the effect of concentrated salts in 
the presence of phosphate buffer 2.5 & 107! m was also investi- 


1 
K HPO, +KH_PO, 
20M 
Y x 
4 
o 03M 
OS 
T 
0 +0.5 log p 


Fig. 8. Oxygen equilibrium of human Hb in concentrated phos- 
phate buffer. Other conditions as in Fig. 1. 
TABLE 
Oxygen equilibrium of human hemoglobin in strong salt solutions 
Conditions: Hb 2.5 X 10-4 m (as Fe); pH 7; 20°; KH2PO,- 
K2HPO, buffer 0.3 m. 


It added 
M 
2 1.18 3.0 
2 1.14 2.9 
After 23 hrs a 
1 1.15 2.9 
2 1.01 3.1 
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gated. The results are shown in Table I. It can be seen that 
the values of n tend to be higher than in phosphate alone; they 
are never lower. On the other hand, p} sometimes decreases, 
sometimes increases, depending of the nature of the salt, al- 
though the changes in terms of log p are not extremely large. 


DISCUSSION 


It will be seen that over the whole range of salt concentration 
covered by these studies, a range extending from less than 10-4 
to about 4, n increases more or less uniformly with the salt con- 
centration. It seems, as a first approximation at least, to be 
determined uniquely by the ionic strength of the environment 
and to be independent of the particular nature of the salt. In 
the case of glycine, which is a dipolar ion, it is impossible to 
compare the results on the basis of ionic strength with those 
obtained with other electrolytes. 

In contrast, the behavior of p}, which may be taken as a 
measure of the O» affinity of the protein, is somewhat less simple. 
At low values of the salt concentration, 1.e. values which lie 
below the normal range in which most previous studies on Hb 
have been made, say from 10? to 3 X 10-', p3 always increases 
with the salt concentration, although the rate of increase, in 
relation to ionic strength, depends on the nature of the salt. At 
high salt concentrations, greater than about 3 x 107, the be- 
haviour of p} is even more strongly dependent on the nature of 
the salt, and p} may go either up or down as the ionic strength 
increases. These results are of particular interest in connection 
with the change of molecular weight, in other words, the degree 
of dissociation of the protein, in relation to the ionic strength. 
In the previous paper of this series we have shown that at high 
salt concentrations, Hb tends to dissociate into half-units. Ex- 
periments now in progress indicate that a similar phenomenon 
may exist at low salt concentrations, although the situation here 
is complicated by various factors. A discussion of the relation 
between the two sets of phenomena will be given later. 


SUMMARY 


The effect of several salts on the functional properties of 
human adult hemoglobin has been studied. 

Both the shape of the oxygen equilibrium curve and the oxygen 
affinity are functions of the salt concentration in the medium. 

The shape of the curve corresponds to a value of n (in the 
Hill equation) of about 1.4 in the absence of salts and to a value 
of more than 3 at the highest salt concentrations employed. 

At low salt concentration, the p} value always increases with 
the concentration of salt and depends on the nature of the salt. 
At high salt concentration, there is a stronger dependence of p} 
on the nature of the salt. 
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Differences among functionally similar proteins and enzymes 
of different species have been amply demonstrated (1-3). Al- 
though chemical inhibitors have been used to some degree to 
differentiate among such enzymes from different tissues of the 
same species (4, 5), recent studies have emphasized the value of 
immunochemical techniques in this regard. The latter have 
been employed in the case of lactic dehydrogenases from heart, 
liver, and skeletal muscle of rabbits (6), amylases from liver and 
pancreas of hogs (7), and alkaline phosphatases from intestine 
and bone of man (8). In the course of our studies on the lactic 
dehydrogenases of human tissues, we have prepared crystalline, 
highly purified enzyme from liver and heart (9, 10). This re- 
port describes the interaction of antibodies to these enzyme 
preparations with the lactic dehydrogenases from various human 
tissues. 


EXPERIMENTAL PROCEDURE 


Enzyme Assay—Lactic dehydrogenase activity was determined 
as previously described (6). One unit of enzyme was defined as 
that amount which caused a decrease of 0.001 in absorbancy in 
1 minute at 37°. A 0.15% solution of human serum albumin 
(Cutter Laboratories) in 0.033 mM phosphate buffer pH 7.4, was 
used as diluent for all enzyme and antiserum preparations. 

Enzyme—Crystalline human heart and human liver lactic 
dehydrogenases were prepared according to Nisselbaum and 
Bodansky (9, 10). Each preparation had a specific activity of 
2.7 X 10° units per mg of protein and appeared to be electro- 
phoretically homogeneous. Boundary electrophoresis was used 
at pH 8.7 for the heart enzyme and at pH 5.6 for the liver en- 
zyme (9, 10). 

Preparation of Antisera—Rabbits or roosters were immunized 
by intravenous injection of a total of 28 mg of alum-adsorbed 
crystallized enzyme. Injections were given on alternate days 
in graded doses according to the following schedule: four doses 
each of 0.5, 1.0, 1.5, and 2.0 mg and two doses of 4.0 mg. One 
week after the last injection, the animals were exsanguinated. 
Rabbit blood was allowed to clot; the serum was stored frozen 


* This work has been supported in part by the following: Ameri- 
can Cancer Society Grants No. P-163 and P-164B; Grant No. DRG 
332D from the Damon Runyon Memorial Fund for Cancer Re- 
search; and research grant C-4251 (C2S1) from the National Can- 


cer Institute, National Institutes of Health, United States Pub- 
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in small batches, and thawed for use as needed. Rooster blood 
was collected into cold heparinized tubes; the plasma was stored 
frozen in small batches, and thawed for use as needed. Pre- 
cipitated fibrin in the rooster plasma was removed by centrifuga- 
tion before use. As previously noted (6), for purposes of con- 
venience the partially fibrin-free plasmas from the immunized 
roosters will be referred to as antisera. Neither normal rabbit 
nor normal rooster serum had any inhibiting or enhancing effect 
on the activity of human heart or human liver lactic dehydro- 
genase. Inhibition of activity, therefore, was calculated from 
control experiments in which antiserum was substituted by 
buffered albumin. Antisera of both animals contained lactic 
dehydrogenase that could not be destroyed by heating to 56° 
for 30 minutes. This activity was taken into account in calcu- 
lating the degree of inhibition. The corrections amounted to 
24 units and 4 units for the antisera to the liver and heart en- 
zymes, respectively. 


RESULTS 


Antihuman liver lactic dehydrogenase was prepared in three 
rabbits which produced antisera of essentially the same potency. 
The data reported in this communication were obtained with 
antiserum from a single rabbit. The time course of the inhibi- 
tion of human liver lactic dehydrogenase by its homologous 
antiserum is shown in Fig. 1. The reaction was virtually com- 
plete within 2 hours at 37°; incubation at 5° for an additional 20 
hours resulted in only slight further inhibition. The extent of 
inhibition measured in the presence of the dispersed antigen- 
antibody precipitate was the same as that obtained when the 
precipitate was removed by centrifugation. Hence, the pre- 
cipitate was not enzymically active. This finding is the same 
as that obtained with the interaction between the rabbit muscle 
enzyme and its antiserum (6). 

The inhibition of varying amounts of human liver lactic de- 
hydrogenase by its homologous antiserum is shown in Fig. 2. 
The crystallized human liver enzyme, dissolved in 0.2 ml of 
buffered albumin, was mixed with 0.2 ml of antiserum and was 
incubated at 37° for 3 hours and at 5° for 68 hours. After cen- 
trifugation, the enzyme activity remaining in the supernatants 
was determined. Activity of up to 1.0 ug of liver enzyme was 
inhibited completely by 0.2 ml of homologous antiserum. Be- 
yond this, the inhibition decreased and became unmeasurable 
at about 20 ug of enzyme. 
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Fic. 1. Inhibition of human liver lactic dehydrogenase by 
homologous antiserum with time. Antiserum (0.2 ml) and crys- 
tallized enzyme (0.86 ug) were contained in 1.0 ml (@). Samples 
were removed at intervals and tested for enzyme activity. The 


100% line represents the average of all controls (O). Each point 
is the average of duplicate determinations. 
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Fic. 2. Inhibition of human liver lactic dehydrogenase (LDH) 
by homologous antiserum. Antiserum (0.2 ml), containing vary- 
ing amounts of the crystallized enzyme preparation from human 


liver, dissolved in buffered albumin was mixed with 0.2 ml of anti- 


serum and incubated for 3 hours at 37° and 68 hours at 5° (@). 
The 100% line represents the average value of all controls (O). 
Each point is the average of duplicate determinations. 


Attempts to produce antibody to human heart lactic dehy- 
drogenase in rabbits by the technique described were unsuccess- 
ful. Of eight animals so treated, only one produced antiserum 
with any lactic dehydrogenase-inhibiting activity, and this was 
too low to be of any value in these studies. Since roosters had 
been used successfully for production of antibody to the rabbit 
muscle enzyme (6), three White Leghorn roosters, each weighing 
2.35 to 2.5 kg, were treated by injection according to the schedule 


described above with the enzyme preparation from human heart. 


One rooster produced sufficient antibody to be of use in this 


study. 


The inhibition of increasing amounts of the human heart 


enzyme by the most potent homologous antiserum was deter- 
mined exactly as in the experiments with the enzyme from liver. 
The results in Fig. 3 show that 90% of the activity of 1.0 ug of 
human heart enzyme was inhibited by 0.2 ml of homologous 
antiserum in a reaction volume of 0.4 ml. The antisera from 
the remaining two roosters which were not used in this study 
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caused 46% and 29% inhibition of 1.0 ug of human heart enzyme. 
With increasing concentrations of enzyme, the inhibition de- 
creased and became unmeasurable at about 20 ug of enzyme. 

Goodman et al. (11) and Banovitz et al. (12) reported that the 
usual concentration of 0.15 Mm NaCl, optimal for the precipitation 
of antibodies from rabbit and horse sera, was not adequate for 
precipitation of rooster antibodies to crystalline beef albumin, 
human a-globulin, or beef sera at higher concentrations of anti- 
gen. In this study, the degree of inhibition of various concen- 
trations of human heart lactic dehydrogenase by homologous 
antiserum was found to be the same in 1.33 mM NaCl as in 0.15 
M NaCl (Fig. 3). It was not possible to compare the precipita- 
tion of protein in these experiments, since tests conducted in 1.33 
M NaCl frequently gelled. 

In order to study cross-reactions, it was found necessary to 
determine the degree of inhibition in diluted reaction mixtures, 
The authors previously showed (6) that the maximal degree of 
inhibition of rabbit muscle lactic dehydrogenase by its homol- 
ogous antiserum was achieved within 24 hours, whether the 
reaction was allowed to proceed in a concentrated mixture, i.e. 
1.0 ug of enzyme and 0.2 ml of antiserum in 0.4 ml, or in a 40- 
fold diluted mixture. In the present study, it was similarly 
found that the reaction of the crystalline enzyme with the ho- 
mologous or heterologous antiserum was complete within 24 
hours, either in a concentrated or diluted system, although the 
extent of inhibition was less in the latter. Reactions were fol- 
lowed up to 96 hours in all cases. Table I shows that the reaction 
between heart or liver lactic dehydrogenase and homologous 
antiserum is only slightly decreased in the diluted reaction mix- 
ture, whereas the cross-reaction between the liver enzyme and 
the antiserum to the heart enzyme is greatly reduced. The 
extent of the cross-relation between the heart enzyme and the 
antiserum to the liver enzyme is low in the concentrated system, 
and is not affected by dilution. 

The 90% inhibition of the enzyme preparation from liver by 
the antiserum to the heart enzyme in a concentrated reaction 
mixture indicated the possibility that an antibody to the liver 
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Fic. 3. Inhibition of human heart lactic dehydrogenase (LDH) 
by homologous antiserum. Antiserum (0.2 ml), containing vary- 
ing amounts of crystallized human heart enzyme, dissolved in 
buffered albumin was mixed with 0.2 ml of antiserum and incu- 
bated for 3 hours at 37° and 68 hours at 5°; (@) reaction in 0.9% 
NaCl; (A) reaction in 8% NaCl. The 100% line represents the 
average value of all controls (O). Each point is the average of 
duplicate determinations. 
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tion of antiserum in a total volume of 2.0 ml. 
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TABLE I 


Mazimal inhibition of lactic dehydrogenases by homologous 
and heterologous antisera 


The concentrated incubation mixtures contained 1.0 ug of en- 
zyme and 0.2 ml of antiserum in a volume of 0.4ml. The diluted 
incubation mixtures contained 0.05 ug of enzyme and 0.01 ml of 
antiserum in 0.4 ml. Reactions were followed up to 96 hours in 
all instances. Maximal inhibition was attained in 24 hours and 
was calculated in each case from a control containing buffered 
albumin. 


Inhibition 
By antiserum to heart! By antiserum to liver 
‘ enzyme in enzyme in 
Enzyme preparation 
| pituted | | 
reaction pre reaction 
mixture mixture 
% % 
Heart lactic dehydrogenase..| 95 75 15 15 
Liver lactic dehydrogenase...; 90 25 95 75 


enzyme was present in the antiserum to heart lactic dehydro- 
genase. When 0.4 ml of this antiserum was incubated with 4 
ug of crystalline heart lactic dehydrogenase for 72 hours and the 
precipitate was removed, the resultant supernatant inhibited 
only 14% of an added portion of the heart enzyme, but 86% of 
added liver enzyme. This indicated the presence of at least 
two antibodies in the antiserum to heart lactic dehydrogenase. 
Conversely, when this antiserum was absorbed with 4 ug of 
crystalline liver enzyme, the resultant supernatant inhibited 
100% of the activity of added heart enzyme and 54% of the 
activity of added liver enzyme. This indicated that the 4 ug 
of the liver enzyme had removed some of the component re- 
sembling antiliver lactic dehydrogenase from the antiserum to 
heart enzyme. As Table I shows, the effect of this antiliver 
component is minimized in the diluted reaction mixture. Hence 
these conditions were chosen in the experiments to follow. 

Table II shows the inhibition of lactic dehydrogenase from 
various human tissues by rabbit antiserum to human liver lactic 
dehydrogenase and rooster antiserum to the human heart en- 
zyme.! Specimens were homogenized for 3 minutes in a Waring 
Blendor with 2 volumes of distilled water and centrifuged for 
+ hour at 800 xX g. Portions of the supernatants were diluted 
in buffered albumin and tested as follows. About 200 units of 
enzyme from each tissue were mixed with 1.0 ml of a 1:20 dilu- 
After 2 to 4 hours 
at 37° and 65 hours at 5° the tubes were centrifuged, and the 
enzyme activity was determined in 0.5 ml of the clear superna- 


_ | The tissues used in this study were obtained at autopsy, and 
it was not possible to perfuse them. However, because of the 
washing and draining at autopsy, the proportion of blood in the 
tissues was very small. Direct determination of the hemoglobin 
content of tissue homogenates gave the following values, as g of 
hemoglobin per 100 g of tissue: heart, 0.12; lung, 0.31; liver, 0.27; 
spleen, 0.44; skeletal muscle, 0.14. On the basis of the average 
hemoglobin and lactic dehydrogenase content of red cells, the 
calculated contributions of the latter to the tissue dehydrogenase 
were negligible: heart, 0.076%; lung, 0.58%; liver, 0.18%; spleen, 
0.49%; skeletal muscle, 0.049%. Consequently, it was not con- 
sidered necessary to correct the values of tissue enzyme activity 
for any contaminating enzyme from the erythrocytes. 


J. S. Nisselbaum and Oscar Bodansky 
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tant. The lactic dehydrogenases from liver and skeletal muscle 
were inhibited markedly by the antiserum to the liver enzyme, 
whereas those from heart and kidney reacted similarly with the 
antibody to heart dehydrogenase. The enzymes extracted from 
prostate, brain, and bone were also inhibited by antiheart dehy- 


drogenase. 


0.5 ml of incubation mixture. 


TABLE II 


Comparison of inhibitions of human tissue lactic dehydrogenases 
by antisera to human heart and liver enzymes 

Enzyme solution (1.0 ml) containing about 200 units of lactic 
dehydrogenase was mixed with 1.0 ml of 1:20 diluted antiserum. 
After incubation for 2 to 4 hours at 37° and 65 hours at 5°, the mix- 
tures were centrifuged, and the enzyme activity of 0.5 ml of the 
clear supernatant was determined. Activities are expressed per 


Lactic dehydrogenase With antiserum to 

Liver lactic dehydro- Heart lactic 
iii Control genase dehydrogenase 

Activity |Inhibition | Activity | Inhibition 
units units % units % 
50 49 2 20 60 
Crystallized heart....| 59 51 14 15 75 
53 21 60 47 11 
Crystallized liver....| 63 16 75 50 21 
50 39 22 33 34 
Prestate. ............ 41 32 22 18 56 
Skeletal muscle...... 51 25 51 43 16 
56 47 16 37 34 
33 26 21 17 49 
55 47 15 25 55 
51 47 8 23 57 
Erythrocytes......... 62 66 0 26 58 

TABLE III 


Inhibition of lactic dehydrogenase in human serum by antisera 
to liver and heart enzymes 


Of a 1:10 dilution of serum or fortified serum, 1.0 ml was mixed 
with 1.0 ml of 1:20 diluted antiserum. After incubation for 2 
hours at 37° and 66 hours at 5° the mixtures were centrifuged and 
the lactic dehydrogenase activity of 0.5 ml of the clear superna- 
tant was determined. Activities are expressed per 1.0 ml of in- 
cubation mixture; the latter volume is equivalent to 0.5 ml of a 
1:10 dilution of serum, the volume used in assay of serum enzyme 


activities. 
With antiserum to 
Liver lactic Heart lactic 
dehydrogenase dehydrogenase 
Serum activity 
'Inhibi-' 10n O lInhibi- ion oO 
Activity — |Activity| — 
zyme zyme 
units | uniis % % units % % 
Normal.............. 36 25 31 17 53 
Fortified with heart 
dehydrogenase..... 133 | 112 | 16 | 10 37 | 72 | 79 
Fortified with liver 
dehydrogenase..... 155 51 | 67 | 78 | 130 | 16 5 
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The feasibility of determining by immunochemical methods 
the possible tissue sources of lactic dehydrogenase in blood was 
studied as follows. Approximately 110 units of highly purified 
enzyme from human liver or human heart were added to a sample 
of normal human serum which had an enzyme activity of 36 
units per ml. A 1:10 dilution of this fortified serum or of the 
normal serum was mixed with an equal volume of a 1:20 dilution 
of antiserum or with buffered albumin. The mixtures were 
incubated for 2 hours at 37° and 66 hours at 5°. After centrif- 
ugation, the activity remaining in the supernatants was de- 
termined. Table III shows that the homologous antibody in- 
hibited most of the activity of human heart or liver lactic 
dehydrogenase added to serum. Conversely, the heterologous 
reaction was minimal. 


DISCUSSION 


Immunochemical studies of functionally similar enzymes have 
several aims: the correlation of the structural features of the 
enzyme with antigenticity and the site of binding between anti- 
body and antigen (13), the structure of the enzymically active 
group (14), and the utilization of immunochemical characteristics 
in determining the tissue sources of enzymes in the body fluids 
(6). Henion and Sutherland (15) observed that antiserum to 
dog liver phosphorylase, added in an amount (0.05 ml) that was 
4 times the amount necessary to give 100% inhibition of the 
purified liver phosphorylase, yielded the following inhibitions 
for equivalent amounts of the phosphorylases from other dog 
tissues: heart, 24° %; skeletal muscle, 10° %; brain, 23%; intestinal 
smooth muscle, 17%; and diaphragm muscle, 5%. McGeachin 
and Reynolds (7, 16) found that the antiserum to hog pancreatic 
amylase inhibited the amylases from hog pancreas, saliva, serum, 
and spleen almost completely, whereas the effect on kidney 
amylase was moderate, and that on liver amylase was negligible. 
Similarly, work in this laboratory has demonstrated immuno- 
chemical differences among tissue alkaline phosphatases from 
the dog (17) and man (8) and among tissue lactic dehydrogenases 
from the rabbit (6). 

The present study has shown that lactic dehydrogenases of 
human liver and skeletal muscle are immunochemically different 
from those of human heart and other tissues. This difference 
is demonstrable either by the use of antiserum to human heart 
or to human liver lactic dehydrogenase. Kaplan et al. (18), 
using the ratio of reaction rates with DPN analogues, similarly 
observed that lactic dehydrogenases from human liver and 
skeletal muscle were different from those of human kidney and 
heart. A distinction between various human dehydrogenases 
was indicated by the work of Vesell and Bearn (19) who found 
three electrophoretic zones of lactic dehydrogenase activity in 
human serum; they showed that this enzyme was increased in 
the a,-globulin zone in the serum of patients with myocardial 
infarction, whereas it was increased in the a-globulin zone of 
patients with leukemia. The differences between human heart 
and liver lactic dehydrogenases have also been demonstrated 
with crystallized enzyme preparations by studies of kinetic 
properties and electrophoretic mobility; the enzyme from human 
heart had the mobility of an a,-globulin (9, 10). 

The concentrations of human tissue lactic dehydrogenases 
and antisera influenced the degree of cross-inhibition observed. 
As was noted, the antiserum to heart enzyme inhibited up to 90% 
of the activity of the enzyme preparation from liver when 1.0 ug 
of enzyme in 0.2 ml was mixed with 0.2 ml of antiserum; only 25% 
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of the enzyme was inhibited at lower concentrations of enzyme 
and antiserum. Inhibition of the heart enzyme by antibody 
to the liver enzyme was never more than 20% under a variety 
of test conditions; however, the inhibition of the dehydrogenase 
from other tissues by antiliver antiserum was affected by the 
concentration of the reactants. Because of these considerations, 
the concentrations of tissue lactic dehydrogenase and antiserum 
chosen for the present studies were such that the inhibition of 
the liver or heart enzyme by homologous antiserum was almost 
maximal and the degree of cross-inhibition was less than 25%. 


SUMMARY 


Antisera to human liver and heart lactic dehydrogenases were 
prepared in rabbits and roosters, respectively. The antiserum 
to human liver lactic dehydrogenase strongly inhibited the cor- 
responding enzyme from both liver and skeletal muscle, and had 
little effect on the enzyme from other human tissues. Under 
the conditions used, the antiserum to human heart lactic dehy- 
drogenase strongly inhibited the enzyme from heart, kidney, 
prostate, brain, and erythrocytes, but had little inhibitory effect 
upon the enzyme from liver and skeletal muscle. When normal 
human serum was fortified with human liver or heart lactic de- 
hydrogenase, the source of added enzyme could be identified 
immunochemically. 


Acknowledgment—The authors wish to acknowledge the ex- 
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The Chemistry of the Bohr Effect 


I. THE REACTION OF N-ETHYL MALEIMIDE WITH THE OXYGEN-LINKED ACID GROUPS 
OF HEMOGLOBIN* 
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One of the most intriguing phenomena associated with the 
function of hemoglobin is the reversible dissociation of protons 
which accompanies its oxygenation (2-4). This oxygen-linked 
ionization, which is commonly referred to as the Bohr effect, 
results in the liberation of about 2.7 protons per mole when 
human hemoglobin is oxygenated at physiological pH. More- 
over, a “reverse Bohr effect’”’ occurs in the region of pH 5.5, at 
which oxygenation is accompanied by the absorption of one 
proton per mole. It should be kept in mind that this latter 
dissociation is in a pH region in which partial splitting into 
half molecules occurs. 

It was shown by Wyman (5) that the Bohr effect between 
pH 6 and 9 can be quantitatively accounted for in terms of four 
oxygen-linked acid groups per mole of hemoglobin with a pK of 
7.93 in reduced hemoglobin and 6.68 in oxyhemoglobin. The 
chemical identity of these ionizing groups is, however, still not 
settled. The groups which have been suggested are amino 
groups (6), sulfhydryl groups (7), and imidazole groups (5, 8-10). 
Amino groups are unlikely to be involved in this ionization, since 
their pK and, especially, their heat of ionization, is too high. 
A number of considerations would seem to rule out Riggs’ recent 
suggestion that the reactive —SH groups are the source of the 
“Bohr protons.”” Since there are only two to two and one-half 
reactive —SH groups in human hemoglobin (7, 11), they could 
not account for the oxygen-linked acid production (about 2.7 
moles per mole), even if they were completely un-ionized in the 
reduced and completely ionized in the oxygenated form. In 
any case, this would require —SH groups which change their 
dissociation constant by four orders of magnitude on oxygena- 
tion. Asa matter of fact, it has been reported previously (1, 12) 
that the protons of the reactive —SH groups of hemoglobin can 
be quantitatively displaced by mercaptide formation or alkyla- 
tion without any change in the Bohr effect. More detailed 
experiments of this nature will be reported below. 

The imidazole hypothesis remains the most likely explanation 
for the Bohr effect, since both the heat of dissociation and the 
pK of histidine residues, of which hemoglobin contains over 30, 
fall within the correct range. A reaction of the oxygen-linked 
acid groups of hemoglobin which is in excellent agreement with 
the imidazole hypothesis will be reported in this paper, and a 
molecular mechanism for the Bohr effect will be proposed. _ 


* A preliminary report of some of this work has been published 
(1). This work was supported by grants from the National 
Science Foundation and the National Heart Institute (H-2733), 
United States Public Health Service. 

t Established Investigator of the American Heart Association. 


EXPERIMENTAL PROCEDURE 
Materials and Methods 


Hemoglobin solutions were prepared from freshly drawn hu- 
man blood by the method of Drabkin (13), exhaustively dialyzed 
against distilled water in boiled Visking casing, and centrifuged 
at high speed before use. The oxyhemoglobin concentration 
was determined spectrophotometrically, with a molar extinc- 
tion coefficient of 5.6 < 104 at 540 my and 5.9 x 104 at 576 mu. 
Solutions were discarded when the ratio of the extinctions at 
576/540 mu fell below 1.05. 

Nitrogen was “prepurified nitrogen,’ purity 99.9%. The 
sources of the other compounds were: iodoacetamide, Mann 
Research Laboratories, Inc., recrystallized from hot water; so- 
dium p-chloromercuribenzoate, Sigma Chemical Company; N- 
ethyl maleimide and glutathione, Schwarz Laboratories, Inc. 
Methyl mercuric nitrate was prepared in solution from a sample 
of four times recrystallized methyl mercuric iodide, kindly do- 
nated by Dr. J. A. Maclaren of the Wool Research Laboratories, 
Parkville, Victoria, Australia, by treatment with the calculated 
amount of silver nitrate. 3,6-bis-(Mercurimethyl)-dioxane was 
a gift from Dr. Susan Lowey, Children’s Cancer Research Foun- 
dation, Boston, Massachusetts. All other chemicals used were 
reagent grade. 

Measurement of Bohr Effect—1. Differential titration: A 50-ml 
conical filter flask was fitted with a rubber stopper through which 
were inserted a pair of Beckman probe electrodes (Beckman No. 
39167) and a No. 18 syringe needle carrying a short length of 
polyethylene tubing. The flask, which contained 3 to 6 ml of a 
3 to 5 X 10-4 m hemoglobin solution, was shaken gently on a 
Burrell Wrist-Action shaker. In this way the solution was 
equilibrated with oxygen or nitrogen by blowing the washed 
gas over the surface of the protein solution. The probe elec- 
trodes were connected to a Beckman model GS pH meter. Ad- 
ditions of acid or alkali were made from a syringe microburette 
fitted with a No. 18 needle and a length of polyethylene tubing 
sufficient to pass through the side arm and under the surface of 
the liquid. 

At the beginning of each experiment, the hemoglobin solution 
in 0.1 m NaCl was brought to the desired pH (usually 7.30) 
under oxygen. Any additions of reactants were usually made 
at this stage, and the pH was readjusted to 7.30 if necessary. 
Thereafter, the null-point setting on the high (B) sensitivity of 
the pH meter was left unchanged. The hemoglobin solution 
was now equilibrated with N2, the pH being kept constant by 
the addition of 0.01 m HCl until no further change took place. 
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Complete deoxygenation takes about 1 hour. This measure- 
ment was always followed by the reoxygenation of the solution, 
which requires only a few minutes, and the determination of the 
amount of 0.01 m NaOH necessary to maintain the pH at 7.30. 
The equivalents of acid or alkali added divided by the moles of 
hemoglobin gives the Bohr effect in protons per mole. 

2. Oxygen dissociation curves: The measurement of the oxygen 
dissociation curves as a function of pH was carried out essentially 
as described by Wyman (14) in a tonometer kindly loaned to 
us by Dr. J. Wittenberg. 

Reactions of Hemoglobin Sulfhydryl Groups—1. Titration with 
p-chloromercuribenzoate: The spectrophotometric procedure de- 
scribed by Boyer (15) was used by adding increments of hemo- 
globin to a standard solution of p-mercuribenzoate. The same 
increments of hemoglobin were added to the blank cell containing 
0.05 m phosphate buffer pH 7.0. 

2. Reaction with N-ethyl maleimide: The binding of this 
reagent by hemoglobin was determined by adding to the protein 
a fivefold molar excess of NEM.! After various periods of 
time, the protein was precipitated with an equal volume of 4% 
perchloric acid, and the solution was filtered through Whatman 
No. 3 filter paper. The NEM concentration in the filtrate was 
determined by its absorption at 305 mu (16). 

3. Reaction with iodoacetamide: This reaction was followed 
by the appearance of both protons and iodide ions. The former 
were measured as described above in the differential titration 
method for the Bohr effect. The amount of iodide was measured 
by precipitating the reacted protein with an equal volume of 
10% trichloroacetic acid and determining the iodide in the fil- 
trate. This was done by treating 3 ml of the filtrate with 0.04 
ml of concentrated H»SO, and 0.06 ml of 3% H:Oe. After 20 
minutes at room temperature, the color was read at 465 mu. 
Reaction with a 10-fold molar excess of iodoacetamide at pH 
7.30 resulted in the liberation of 2 to 2.5 protons and 2 moles of 
iodide per mole of hemoglobin in the course of 1 hour, after 
which the pH remained constant. 

For the preparation of S-carboxamidomethyl hemoglobin (cf. 
Table I1), the protein was therefore treated with a 10-fold molar 
excess of iodoacetamide for 1 hour at room temperature and pH 
7.3 and then dialyzed exhaustively before use. 

Solubility of Hemoglobin—The solubility was determined es- 
sentially as described by Itano (17), except that phosphate 
buffers of varying ionic strength were used, the concentration 
of dithionite was 50 mg per 10 ml, and the precipitates were 
separated by filtration instead of centrifugation. 


RESULTS 


1.—SH Groups and Bohr Effect—The first series of experiments 
was designed to test whether the two reactive —SH groups of 
human hemoglobin were in any way involved in the Bohr effect. 
It seems appropriate at this point to compare the two main 
methods which can be used to measure this effect. Since the 
Bohr effect expresses the interdependence of oxygen and hydro- 
gen ion binding, it can be measured either by the change in hy- 
drogen ion binding resulting from oxygenation or deoxygenation 
(differential titration method), or by the change in oxygen bind- 
ing with pH (pH dependence of the oxygen dissociation curves). 
In most of this work, the differential titration method was used 
because (a) it is conducted at constant pH, and (6) it is not 


1 The abbreviation used is: NEM, N-ethyl maleimide. 
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affected by the pH-dependent changes in the shape of the oxygen _ 


dissociation curve, which are known to occur when hemoglobin 
is treated with some —SH reagents (18). The results in Table 
I show that the Bohr effect is not significantly influenced by any 
of the ‘“—SH-blocking”’ reagents which were used, with the 
possible exception of p-mercuribenzoate. It can therefore be 
concluded that the total number of protons which results from 
the oxygenation of hemoglobin is uninfluenced by either the 
reversible or the irreversible displacement of the H of the —Sf 
group. 

2. Reaction of N-Ethyl Maleimide with Hemoglobin— Riggs (7) 
observed that the reaction of hemoglobin with NEM resulted jp 


a substantial decrease in the Bohr effect. We have confirmed 


this observation both by the differential titration method (Table 


II) and by the oxygen dissociation curve method (Fig. 1). The | 


most striking feature of this inhibition is that it never exceeds 


50%, even when a large excess of NEM (50 moles per mole) is | 


used, or when the reaction time is increased from 30 minutes to 
6 hours (Tables II and III). This half inhibition is maintained 
over the whole pH range in which the Bohr effect occurs (Fig. 2), 


In view of the results in Table I, it was suspected that this effect > 


of NEM could not be due to its reaction with —SH groups alone. 


The experiments summarized in Table II show clearly, however, — 
that reaction of NEM with the —SH groups of hemoglobin is, | 
nevertheless, an essential prerequisite for the inhibition of the | 
It is apparent that when the —SH [| 


Bohr effect by this reagent. 


TABLE 
Influence of —SH reagents on the Bohr effect 


The reagents listed in the table were added to 4 X 10-4 M oxy- | 
hemoglobin at pH 7.3. The reaction mixtures were maintained | 
at this pH until the —SH titration with p-mercuribenzoate at © 
pH 7 (15) was zero. Thereafter, the Bohr effect was determined | 


by the differential titration method as described in the text. 


| 
moles/mole Hb protons/mole Hb 

Iodoacetamide.................... 10.0 —2.4 2.5 
3,6-bis-(Mercurimethy]) -dioxane. .. 2.5 —2.7 2.5 
Mercuric chloride................. 2.5 —2.8 2.7 
Methyl mercuric nitrate........... 2.5 —2.7 | 2.7 
p-Mercuribenzoate................ 2.5 —2.5 | 2.3 


TABLE II 
Influence of NEM on the Bohr effect 


The reaction time with NEM was 30 minutes at room temper- 
ature and pH 7.30. The Bohr effects were determined by the 
differential titration method. 


Protein NEM added | NEM bound gern, Ngan 
moles/mole Hb| moles/mole Hb| —protons/mole Hb 
Hemoglobin.......... 0 —2.5 2.4 
Hemoglobin.......... 5 2.7 —1.4 1.4 
Hemoglobin.......... 50 1.5 
S-Carboxamidomethyl 
hemoglobin......... 5 0.3 —2.5 2.4 
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groups are irreversibly blocked with iodoacetamide, the resulting 
§-carboxamidomethyl hemoglobin shows a full Bohr effect in 
the presence of NEM. Moreover, any independent interaction 
of NEM with other sites on the hemoglobin molecule is ruled 
out by the finding that no significant amounts of this reagent 
are bound when the —SH groups are alkylated. 

On the other hand, it is possible for two —SH groups of hemo- 
globin to react with NEM without influencing the Bohr effect. 
This can occur by starting with reduced hemoglobin, which, 
like oxyhemoglobin, binds 2.5 moles of NEM per mole in 30 
minutes at pH 7.3. Nevertheless, this product shows an un- 
diminished Bohr effect (Table III). The usual inhibition can 
subsequently be produced by leaving it in the oxygenated con- 
dition for at least 30 minutes. 

It is thus clear that after the attachment of NEM to the —SH 
groups, another consecutive reaction takes place, which, at pH 
7.3, occurs at a very much slower rate in reduced than in oxy- 
genated hemoglobin and which, in contrast to the primary reac- 
tion, involves the oxygen-linked acid groups. It was therefore 
logical to determine whether this difference in reactivity is de- 
pendent on the difference in the degree of ionization of these 
groups in the reduced and oxygenated form. It follows from 
Wyman’s pK values (5) that at pH 7.3, the oxygen-linked acid 
groups are 80% dissociated in oxyhemoglobin and 20% dissoci- 
ated in reduced hemoglobin, whereas at pH 8.6, these groups in 
reduced hemoglobin are 80% dissociated. At this pH, the 
reactivity of the oxygen-linked acid groups of reduced hemo- 
globin should therefore be identical with their reactivity in oxy- 
genated hemoglobin at pH 7.3, if the degree of ionization is the 
only factor involved. As can be seen from Table III, reaction 
of NEM with reduced hemoglobin at pH 8.6 for 30 minutes or 
at pH 7.3 for 150 minutes does indeed lead to a very substantial 
inhibition of the Bohr effect. In the latter case, the expected 
amount of acid, z.e. 0.7 proton per mole, is liberated during the 
course of the reaction. This permits the conclusion that the 
secondary reaction involves the dissociated form of the oxygen- 


% HbO2 


05 1-5 2-0 
log oxygen pressure 


Fig. 1. Oxygen dissociation curves of hemoglobin. O——O, 
pH 7.38; X——X, pH 6.97. Lower curves: 1.5 X 10-5 Mm hemoglobin 
In 0.1 m phosphate buffer; A log Ps0/A pH = 0.63 or 2.5 H* per 
mole. Upper curves: 4 X 10-4 M hemoglobin, 2 KX 10°? m NEM, 
0.1 M phosphate buffer pH 7.4. This mixture was allowed to react 
for 30 minutes and then diluted 30-fold with 0.1 M phosphate buffer 
PH 6.97 and 7.38, respectively. A log pso/A pH = 0.32 or 1.3 H+ 
per mole. Per cent oxygenation was measured at 560 mu. 
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TaBLeE III 
Reaction of NEM with Hb and Hb0O, 


The reaction mixtures were Hb, 4 X 10°-*m; NEM, 2 X 10°? a; 
NaCl, 0.1 m. The Bohr effects were determined at pH 7.30 by 
the differential titration method. 


pH during | Time of Bohr effect 
min protons/mole Hb 
—2.5 2.4 
HbO: + NEM 7.30 30 —1.3 1.4 
HbO, + NEM 7.30 360 —1.5 1.4 
Hb + NEM 7.30 30 2.6 
Hb + NEM 7.30 150 1.8 
Hb + NEM 8.60 30 1.8 
2-5r- 
o 
x 
xr 
— 
Ww 
3 
i 
65 70 75 £460 
pH 


Fic. 2. Variation of the Bohr effect with pH. O——O, 4X 
10-4 m hemoglobin in 0.1 m NaCl; X X,4 X 10-4 m hemoglobin, 
2X 10°*m NEM 0.1 Mm NaCl. After reaction for 30 minutes at 
pH 7.3, the solution was brought to the desired pH for measure- 
ment of the Bohr effect by the differential titration method. 


linked acid groups. This is further borne out by the changes in 
solubility which result from the reaction of hemoglobin with 
NEM. 

3. Influence of N-Ethyl Maleimide on Solubility of Hemoglobin— 
It is well known that in the case of human hemoglobin, the re- 
duced form is less soluble than the oxygenated one (19, 20). 
The changes in solubility which result from the reaction of the 
hemoglobin with NEM are shown in Figs. 3 and 4.2 It is appar- 
ent that: 

a. Reaction of oxyhemoglobin with NEM at pH 7.3 (7.e. under 
conditions which result in the maximal inhibition of the Bohr 
effect) leads to a slight increase in the solubility of the hemo- 
globin in the oxygenated form and a marked decrease in the 
solubility of the hemoglobin in the reduced form (Fig. 3). 

b. Reaction of NEM with reduced hemoglobin for 30 minutes 
at pH 7.3 (no inhibition of the Bohr effect), on the other hand, 
causes no change in the solubility, even though 2 moles of NEM 
have reacted with two —SH groups (Fig. 4). 

c. Finally, reaction of NEM with reduced hemoglobin at pH 


2 It was also found that NEM-treated hemoglobin crystallized 
very readily in remarkably large crystals (6 to 8 mm in diameter). 
The smaller suspended crystals appeared very similar under the 
microscope to those of sickle-cell oxyhemoglobin reported by 
Perutz et al. (21). 
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8.6 for 30 minutes results in a reduced hemoglobin, the solubility 
of which is very close to that described under a, above (Fig. 4). 

The correlation between the reaction conditions which lead 
to an inhibition of the Bohr effect and those which influence the 
solubility is indeed striking. In both cases, reaction with the 
—SH groups alone has no effect. Furthermore, the secondary 
reaction which leads to the observed decrease in the solubility 
again appears to involve the dissociated form of the oxygen- 
linked acid groups. 

4. Effect of Imidazole on N-Ethyl Maleimide in Neutral Solu- 
tion—The stability of the NEM ring at pH 7.3 in the presence 
and absence of 1 m imidazole is illustrated in Fig. 5. 


-47- 
log s 

» 


53 54) 
ionic strength 
Fic. 3. Solubility of normal and NEM-treated hemoglobin. 
@- --@, control hemoglobin, solubility determined as HbO;; 
@——®@, control hemoglobin, solubility determined as Hb; 
O---O, NEM-treated hemoglobin, solubility determined as 
HbO.; O——-O, NEM-treated hemoglobin, solubility determined 
as Hb. NEM-treated hemoglobin was prepared by reaction of 
4 X 10-*m hemoglobin with 2 X 10-? m NEM for 30 minutes at pH 
7.3 under oxygen. The solubilities were determined at 25° in 
phosphate buffers, pH 6.8. 
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Fic. 4. The influence of the reaction conditions with NEM on 
the solubility of reduced hemoglobin. @——®@, control; O——O, 
4X 10-*m HbO, + 2 X 10°? m NEM for 30 minutes at pH 7.3 under 
O02; O O,4 X 10-*m Hb + 2 X 10°? m NEM for 30 minutes at 
pH 7.3 under Nz; A A, 4X 10-*m Hb + 2 X 10°? m NEM for 
30 minutes at pH 8.6 under N.; After reaction as above, the solu- 
bility was determined as reduced hemoglobin. The solubilities 
were determined at 25° in phosphate buffers, pH 6.8. 
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10 20 30 40 
time (mins) 
Fic. 5. Reaction of NEM with imidazole. K—— xX, 16 x 


10-* m NEM in 1.0 m phosphate buffer pH 7.27; O——O, 1.6 x 
10-* m NEM in 1.0 M imidazole buffer pH 7.27 


DISCUSSION 


Mechanism of Reaction of N-Ethyl Maleimide with Hemoglo- 
bin—The fact that the inhibition of the Bohreffect by NEM never 
exceeds 50% and the presence of only two reactive —SH groups 
in hemoglobin make it likely that this inhibition is associated 
with either the a or the 6 chains. The demonstration that 


radioactive NEM is bound only by the 6 chains of human hemo- 
globin (22) locates the site of the reaction on these chains. The | 


lower curve in Fig. 2 should therefore represent the Bohr effect _ 


| 


caused by the @ chains. The similarity in shape of the two 
curves strongly supports Wyman’s deduction (5) that the four ’ 
oxygen-linked acid groups make identical contributions to the — 
Bohr effect. 

It seems appropriate to review briefly the various observations _ 
which have to be accounted for by any proposed mechanism: _ 

1. The reaction of NEM with hemoglobin occurs in two stages; 
both are essential for the inhibition of the Bohr effect. 

2. The first step is the attachment of NEM to the two reac- — 
tive —SH groups and leads to no change in either the Bohr 
effect or the solubility of the hemoglobin. 

3. The second step involves a reaction of the —SH-bound 
NEM with the dissociated form of the oxygen-linked acid groups 
and results in both the suppression of the oxygen-linked ioniza- 
tion and a change in the solubility. 

4. There is no significant liberation or absorption of protons | 
during the reaction under conditions in which the oxygen-linked | 
acid groups are largely dissociated. 

5. NEM is hydrolyzed in the presence of imidazole in neutral — 


solution. 
It is therefore proposed that the reaction proceeds by the | 


following three steps: 
1. The primary reaction of NEM with the —SH groups of 


the 8 chains is assumed to be the usual addition to the double | 
bond, 


j 


O O 
sHbS—CH—C 


N-Et 


H—C H.—C 


2. The substituted succinimide ring is now hydrolyzed under 
the catalytic influence of the dissociated form of a neighboring 
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imidazole residue to yield a substituted N-ethyl succinamic acid: 


O 
BHb—S—C 


O 
H:—C—NH-Et 


Catalyzed hydrolysis by the dissociated form of imidazole 
is a well known reaction which has been studied in great detail 
in recent years in model systems (23-28) and is the basis for 
current theories on the mechanism of action of hydrolytic en- 
zymes (29). The most pertinent fact which has emerged from 
these studies is the enormous increase in the rate of hydrolysis 
(1000- to 10,000-fold) which results from catalysis by a favorably 
situated imidazole ring on the same molecule (intramolecular 
catalysis) as compared with catalysis by free imidazole (bimolec- 
ular catalysis) (24, 25, 30). 

Our finding that very high concentrations of free imidazole 
are necessary for the hydrolysis of the NEM ring is, therefore, 
compatible with the rapid splitting which must occur on the 
hemoglobin chains, if it is assumed that the imidazole residue 
is located in a favorable position for intramolecular catalysis. 
It was originally assumed (1) that the reaction of NEM with 
oxyhemoglobin at pH 7.3 leads to the formation of an acyl imid- 
azole as the final product. This cannot be so, since it would 
require the absorption of 2 protons per mole of hemoglobin during 
the reaction. 

The role of the imidazole in opening the NEM ring could be 
simply that of a general base catalyst (27), or the hydrolysis 
could proceed via an unstable N-ethyl succinamyl imidazole 
intermediate. 

3. The newly formed carboxyl group would now be in a posi- 
tion to form a hydrogen bridge with the nitrogen of the imidazole 
which normally holds the “Bohr proton”’: 


BHb | 
S—CH—CO—NH-Et C=—CH 
H.—-C—O-....H—N | 
| \ 
O CH—NH 
or 
BHb 
O 
NN 
H.—CO—NH-Et CH—NH 


This would result in an increase of the pK of this dissociation 
site in oxyhemoglobin, which is tantamount to a suppression of 
the Bohr effect. The exact magnitude of this shift is difficult 
to predict, but internal chelation through hydrogen bonds is 
known to influence profoundly the pK values of zwitter-ionic 
structures. Thus, for example, the pK of the dimethylamino 
group in dimethylanthranilic acid is 8.42 (31) as compared with 
4.09 in dimethylaniline itself (32) (cf. also 33). 

The question arises, of course, which two of the many imid- 
azoles are involved in the ring formation with the S-substituted 
N-ethyl succinamate residues. Models constructed with a right- 
handed a helix (34, 35) show that this ring can easily be formed 
when the cysteine and histidine are either adjacent or are sepa- 
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rated by two or three other amino acid residues, but not by one. 
This, therefore, puts limits on the relative positions of the reac- 
tive —SH groups and the oxygen-linked acid groups on the 6 
chains.’ 

Mechanism of Bohr Effect—The observations reported above 
suggest a mechanism for the Bohr effect itself. On the 
assumption that the oxygen-linked acid groups are imidazoles, 
two alternative explanations have been proposed to account for 
their change in pK on oxygenation. Coryell and Pauling (10) 
assumed that the heme-linked imidazoles were responsible for 
the Bohr effect, since they argued that the change in bonding 
which results from the combination of the iron with oxygen could 
cause a change in the pK of the iron-linked imidazoles of the 
right order of magnitude. Wyman and Allen (36), on the other 
hand, suggested that the difference in pK between reduced and 
oxygenated hemoglobin is caused by a configurational change 
in the protein. A considerable amount of evidence has ac- 
cumulated concerning such changes, and this has been ably sum- 
marized by Edsall (37). Wyman and Allen listed three con- 
vincing objections to the hypothesis that a change in bond type 
of the iron alone was responsible for the Bohr effect. (a) Myo- 
globin has a negligible Bohr effect. (b) The oxidation of hemo- 
globin to ferrihemoglobin (methemoglobin) is accompanied by 
the same liberation of protons as the oxygenation, in spite of the 
fact that there is no change in bond type of the iron. (c) The 
magnitude of the Bohr effect varies from species to species. 

The observations reported here on the inhibition of the Bohr 
effect by NEM which led to the hypothesis that an artificially 
introduced hydrogen bridge drastically alters the pK of the 
oxygen-linked acid groups therefore suggest that in the normal 
Bohr effect this dissociation is also controlled by the existence 
of a hydrogen bond in reduced hemoglobin which is broken as a 
result of the configurational change accompanying oxygenation. 
Two possible candidates for the role of acceptor in this hy- 
drogen bond would be carboxylate ion or imidazole, 7.e. 


CH—— —CH 
| ‘a | 
N——H-———-N 
NH—CH | CH—NH 

or 
CH—— C 
| 
O 
NH—CH 


In either case, this would account both for the Bohr effect in 
the physiological pH range, as well as for the “reverse Bohr 
effect,’”’ since the acid strength of the donor group would have 
to increase and that of the acceptor group would have to decrease 
when this hydrogen bond is broken upon oxygenation. 


SUMMARY 


1. The reactive —SH groups of hemoglobin can be blocked in 
a number of ways without any change in the Bohr effect. 


3 It is significant in this connection to note that Perutz con- 
cluded, at least in the case of horse hemoglobin, that the reactive 
—SH groups are close to the heme-linked histidines (34). 
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2. N-Ethyl maleimide reacts with hemoglobin in two steps 
which can be separated experimentally. 

3. The first step is the attachment to the reactive —SH groups 
and causes no change in either the Bohr effect or the solubility 
of the hemoglobin 

4. The second step involves a reaction with the dissociated 
form of the oxygen-linked acid groups and results in a suppres- 
sion of that portion of the Bohr effect which is associated with 
the 6 chains and a change in the solubility. 

5. A chemical mechanism for this reaction is proposed which 
leads to a hypothesis on the origin of the Bohr effect and the 
“‘reverse Bohr effect.” 


Acknowledgments—We are deeply indebted to Dr. R. Breslow 
for a number of valuable suggestions concerning the mechanism 
of the reaction of N-ethyl maleimide with imidazole. We would 
also like to thank Dr. B. Low and Dr. M. Perutz for their active 
interest in this work. 


Addendum—Since the submission of this paper, extensive and 
convincing proof of the imidazole-catalyzed opening of the NEM 
ring has been furnished by Smyth, Nagamatsu, and Fruton (38). 
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393 | The Role of Calcium in the Adenosine Triphosphatase Activity 
of Myofibrils and in the Mechanism of the Relaxing 
Factor System of Muscle* 
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Several factors tend to create the impression that the removal 
of Ca from the myofibrils plays an important role in the mecha- 
nism of relaxation. Among these factors are the inhibition of 
the activity of the relaxing factor system of muscle by Ca (2); 
the similarity between the effect of ethylenediaminetetraacetate 
and the relaxing factor system in producing inhibition of myo- 
fibrillar adenosine triphosphatase (3) and reversal of the adenosine 
triphosphate-induced contraction of glycerinated muscle fiber 
bundles (4, 5); the binding of Ca to the so called granules (a 
constituent of the relaxing factor system), which, as recently 
shown, requires the presence of ATP" (cf. (1)); and the depend- 
ence of the myofibrillar ATPase on the presence of small amounts 
of Ca (6). Although Bozler has shown that about half of the 
Ca bound to muscle fibers is removed by EDTA? when relaxa- 
tion occurs, after washing, even in the absence of Catt, relaxed 
fibers contract again upon the addition of ATP (4,7). He there- 
fore interpreted relaxation in terms of the combination of 
relaxing agents with a site associated with firmly bound Ca. 

Our studies, involving the comparison of the effect of Ca on 
both the complete relaxing factor system and the recently de- 
scribed soluble relaxing substance (8), suggest that it is the latter 
which is inhibited by Ca, or Ca-ATP, and that granules, in addi- 
tion to producing the relaxing substance, combine with Ca in 
maintaining conditions favorable for the activity of the relaxing 
substance. 

In the present report, direct evidence is presented to show 
that treatment with granules or EDTA does not lead to the 
removal from myofibrils of a Ca fraction essential to their ATPase 
activity, and that the mechanism of relaxing activity is most 
likely to depend on the binding of the relaxing substance or 
EDTA to the contractile proteins. The experiments show the 
presence of a readily removable and exchangeable, but apparently 


* This work was supported by research grants (H1166-(C7-8)) 


from the National Heart Institute, United States Public Health 
! Service, the Muscular Dystrophy Associations of America, Inc., 
_ and the Life Insurance Medical Research Fund. A prelimi- 
_ hary report (1) has been presented at the Annual Meeting of the 


American Society of Biological Chemists, Chicago, Illinois, April 


11, 1960. 


ft Present address, Department of Physiological Chemistry, 


Wayne State University, College of Medicine, Detroit, Michigan. 


1S. Ebashi, personal communication. 
* The following abbreviation will be used: EDTA, ethylenedia- 


minetetraacetate. 


functionally unimportant, Ca fraction in myofibrils and con- 
tractile proteins. 


EXPERIMENTAL PROCEDURE 


Myofibrils, natural actomyosin, reconstituted actomyosin, 
myosin, F-actin, and muscle granules were prepared from rabbit 
muscle as described previously (8). Before use, natural and 
reconstituted actomyosin and myosin were precipitated with 10 
volumes of water, and the precipitate was suspended in 0.065 m 
succinate buffer at pH 7.5. 

Protein-bound Ca was determined colorimetrically. To a 
2.0-ml sample, 0.2 ml of 1 m HClO, was added; the precipitate 
was removed by centrifugation, and a 1.0-ml aliquot was neu- 
tralized with a predetermined amount of KOH and cooled to 0°. 
The blank and standards were carried through the same pro- 
cedure. Cold murexide solution (2 ml), prepared according to 
Ames and Nesbitt (9), was added to the neutralized aliquot at 
0°; the mixture was brought to room temperature and read im- 
mediately at 500 mu. 

Radioactivity measurements of Ca‘* were carried out by drying 
protein-free samples (0.05 ml) on filter paper disks in steel 
planchets and counting them in a gas flow counter. 

Myofibril ATPase activity was determined as described pre- 
viously (10), and protein was determined by the biuret method 
(11). 

Ca**Cle was obtained from the Union Carbide Nuclear Com- 
pany, Oak Ridge, Tennessee. Crystalline disodium ATP was 
obtained from the Pabst Laboratories, Milwaukee, Wisconsin. 
Spec-pure MgO (1 g of Ca per 10° g of MgO) was purchased from 
the Jarrel-Ash Company, Newton, Massachusetts. — 


RESULTS 


Myofibrils—The Ca found in well washed myofibrils before 
and after incubation with 5 <x 10-5 mM Ca is shown in Table I. 
It will be seen that essentially no net uptake of Ca takes place 
under these conditions. 

When myofibrils were added to a solution containing Ca*® 
(total Ca, 6 X 10-* Mm), a decrease in the radioactivity was noted 
in the supernatant after removal of the myofibrils by centrifu- 
gation (Fig. 1A). Since no net Ca uptake took place under 
these conditions, this decrease in radioactivity must be due to an 
exchange with bound Ca. The exchangeable Ca, as the per- 
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centage of the bound Ca, was calculated according to the fol- 
lowing equation: 
Percentage of exchange = 100 (Ao/A — 1) (Qo/G) 


where Ao is radioactivity in c.p.m. before addition of the protein 
suspension; A, the radioactivity of the supernatant after addition 
of protein; Co, the concentration of the added Ca**; C;, the con- 
centration of the bound Ca. The exchange in the experiment 
shown in Fig. 1A amounted to 58%; it varied between 30 and 
70% with different myofibril preparations. Addition of 5 mm 
Mg++ and 5 mm ATP to the system resulted in the reappearance 
of the radioactivity in the supernatant, suggesting a displace- 
ment of bound Ca to the extent of about half of the total Ca in 
the myofibrils. 

The displacement of bound Ca by Mg** has been confirmed by 
direct Ca analysis (Table II). It can be seen that myofibrils 
washed with either Mg++, Mg++ and ATP, Mgt+ and ATP and 
granules, or EDTA lose about 50% of their total Ca. The loss 


TABLE 
Ca content of myofibrils 
Myofibrils (6 mg per ml) wére suspended in 20 mm histidine, 
50 mm KCl pH 7.0; total volume, 7 ml. Ca was added as indi- 
cated in the table. The myofibrils were separated by centrifuga- 
tion and resuspended in 65 mm succinate at pH 7.5; final volume, 
2 ml. Ca was determined as described under ‘‘Experimental 
Procedure.”’ 


Systems Ca bound Average 
pumoles/g protein 
Myofibrils, no added Ca 4.67 4.3 
4.27 
3.66 
Myofibrils + 5 X 10°*'m Ca 4.37 4.6 
4.87 
4.67 
A B 
OOOF Mg+ATP 
10000 J 
= 9000 
8000 - 
¢ 7000- 
t 
6000- 
EDTA 
90007 ig + ATP 
- 
4 4 44 2 


TIME (MIN.) 


Fic. 1. Exchange and displacement of myofibrillar Ca. Myo- 
fibrils were suspended in 20 mm histidine, 50 mm KCl, 2.5 mm 
oxalate, and 0.006 mm Ca‘’. Aliquots were centrifuged at times 
indicated on the abscissa, and the radioactivities of the superna- 
tants were measured. Activity at zero time was determined 
before addition of myofibrils. (A) 5 mm Mg and 5 mm ATP 
added at 5 minutes; protein concentration, 1.7 mg per ml; bound 
Ca 5.6 X 10°*m. (B) 1mm EDTA added at 5 minutes; protein 


concentration, 1.5 mg per ml; bound Ca 4.5 X 10-* M. 


Calcium, ATPase, and the Relaxing Factor System 


TaBLeE II 
Effect of various treatments on myofibrillar Ca and ATPase 
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Myofibrils, originally suspended in 65 mm succinate pH 7.5, : 


were exposed to the treatment indicated in the table. 


They were 


then washed three times with succinate buffer in Experiments], _ 
2,5, and 6 and with water in Experiments 3 and 4, before resuspen. | 
sion for Ca determination and ATPase assay (see ‘“‘Experimental — 


Procedure’’). In Experiments 5 and 6, sucrose was omitted from 
the ATPase assay system. 


ATPase activ. 
Treatment Bound Ca 
protein 
| 
1 None 2.7 0.16 
2 EDTA, 1 mu 1.6 0.18 
3 Mg*tt, 5mm, ATP, 5mm 1.2 
4 Mg**, 5mm, ATP, 5 mm, 1.4 
granules, 330 ug protein/ 
ml 
5 None 3.0 0.54 
6 5 mm 1.6 0.53 


of about half of the bound Ca after washing with EDTA is in good 
Treatment with 


agreement with the findings of Bozler (7). 


either Mg** or EDTA, in the latter case, followed by washing — 


out of EDTA, had no effect on the ATPase activity. This , 
strongly suggests that the Mg-displaceable and EDTA-extract. | 
able Ca is not involved in ATP cleavage. 


The identity of the Ca fraction displaced by Mg and eat | 
removed by EDTA is supported by the data shown in Fig. 1B. 7 


The radioactivity incorporated into the myofibrils during eX 
change with Ca“ is completely removed by EDTA. Subsequent | : 
addition of Mg++ and ATP causes no further increase in radio- — 
activity of the supernatant. 

According to the above results, granules or EDTA do not 
remove more Ca than is displaced by Mg++. It might be argued, 
however, that EDTA and/or the granules do remove additional — 


Ca from the myofibrils, but that this Ca fraction, not displaced : 


by Mg**, is again restored by Ca which is present as a contami- 
nation in the washing solution used to remove the granules or 
EDTA before Ca analysis or in the buffer mixture used , 
for ATPase determination. According to this view, part of the 
bound Ca that is not displaceable by Mg++ but is removable by 
granules or EDTA would be essential for full ATPase activity. 


To shed further light on this point, myofibrils were washed as} 
outlined in Fig. 2, with and without granules or EDTA in the? 
presence of Mgt+ and ATP, and isolated by centrifugation.” 


They were then suspended in buffer containing 6 xX 1077 m Ca* 
(6 xX 104 c.p.m. per ml), centrifuged, and, after being washed 
twice with buffer containing 5 mm Mgtt, they were resuspended 


in buffer containing 5 mm Mg and ATP, with or without granules | 
or EDTA, centrifuged and the radioactivities of the supernatants | 
If, after the first granule or EDTA treatment, the” 


measured. 


3’ Reagent grade MgCl: contains 0.01% Ca by weight (analysis 
A 5 mM solution of this MgCl: used in the) 
ATPase assay contains 2.5 X 10-* mmoles of Ca per ml. They 
Ca that is not extractable with EDTA or displaceable by Mg. 
amounts to about 10-* mmoles of Ca per ml in the assay system > 


reported on label). 


This, if removed, could easily 


containing 1 mg of protein per ml. 
Substitution of 


be replaced by the contamination in question. 
spec-pure Mg, however, did not alter the results. 


Fe 


5 m) 


|| 
Ef 
M 
show 
1.063 
of th 
total 
Trea 
| 
tE 
3 
myofik 
Mgt+ 
appeal 
= Ment. 
Cases, 


February 1961 


Treatment of myofibrils for study of tightly bound Ca 
Myofibrils in 
4 ml of buffer* + 5mm ATP 
with or without granules or EDTA 


Centrifuged ——> 


ppt 
Suspended in 15 ml of buffer* 
containing 6 X 1077 m Ca‘ 


Centrifuged ———>» Supernatant (S;) 


ppt P; 
Suspended in 15 ml of buffer* 


| 


Centrifuged ———> Supernatant (S2) 


| 
ppt 
Suspended in 15 ml of buffer* 


Centrifuged ———> Supernatant (S;) 


{ 


ppt P; 
Suspended in 4 ml of buffer* + 5 mm ATP 
with or without granules or EDTA 


Centrifuged ———>» Supernatant (S,) 
{ 
ppt P, 
* Buffer: 20 mm histidine, 50 mm KCl, 2.5 mm K-oxalate, and 
5 mm 


Supernatant 


FIGURE 2 


TABLE III 
Effect of granules and EDTA on uptake of Ca*® by myofibrils 


Myofibrils (8.8 mg of protein) were carried through the scheme 
shown in Fig. 2 with combinations as shown in the table. Bound 
Ca, 24 mumoles; added Ca‘*, 9 mumoles with a total activity of 
1.063 X 10°c.p.m. The radioactivity was determined in S,; that 
of the exchangeable Ca was calculated assuming that 50% of the 
total bound Ca was exchangeable. 


Treatment of myofibrils Treatment of Ps Radioactivity, in Ss 
c.p.m. 
None None 17,100 
None Granules* 15,000 
Granules* Granules* 20,720 
EDTATt EDTAT 22 ,300 
‘Radioactivity in exchangeable fraction. . 606 , 000 


* Granules: 165 ug of protein per ml. 
t EDTA: concentration, 1 mm. 


myofibrils pick up Ca which is, ex hypothesi, not displaceable by 
_ Mg** but removable by EDTA or granules, radioactivity should 
_ appear in the supernatant after the final granule or EDTA treat- 
_ Ment. Table III clearly shows that this is not the case. In all 
cases, the small amount of Ca** released in the final supernatants 
— (S) was essentially the same. A comparison with the counts 
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corresponding to the exchangeable Ca shows the activity of the 
final wash to be very small indeed. 

Actomyosin, Myosin, and Actin.—The interaction of Ca with 
these proteins was examined with a view to gaining further in- 
sight into the behavior of the myofibrils. The amount of Ca 
bound to the proteins is shown in Table IV. 

As in the case of the myofibrils, Ca bound to natural and recon- 
stituted actomyosin and myosin can exchange with added Ca, 
and the exchangeable Ca is displaced by Mg++ (Table V). What 
appears as an exchange could, of course, be due to net Ca uptake. 
To check this point, we determined the Ca content of myosin in 
the presence of various concentrations of added Ca. The amount 
taken up under the conditions of the exchange experiment, 6 < 
10-§ m Ca*+ added, was obtained by extrapolation of the data in 
Fig. 3. Under these conditions, the Ca uptake is 0.15 umole per 
g of protein; this would account for a 5% exchange, t.e. 10% of 
that observed. 

The contribution of actin to the observed exchange is negligi- 
ble, since the apparent Ca exchange with actin is only 5 to 10% 
of the Ca bound to actin, and it is not reversed by Mg**, in 
contrast to the effect of Mg++ on myofibrils and actomyosin. 

Experiments similar to those described in Fig. 2 and Table III 


TABLE IV 
Calcium bound to muscle proteins 


The results given in the table represent determinations on two 
deproteinized preparations of each protein. Ca was determined 
as described under ‘‘Experimental Procedure’’; actomyosin and 
myosin suspensions, 65 mm succinate pH 7.5; and F-actin solu- 
tions, 0.1 m KCl. 


Proteins Bound Ca 
pmoles/g protein 
Natural actomyosin.................. 4.9 5.2 
Reconstituted actomyosin............ 5.5 5.7 


TABLE V 
Exchange and displacement of Ca bound to 
actomyosin, myosin, and F-actin 
Conditions: 20 mm histidine, 2.5 mm oxalate, and 0.006 mm 
Ca‘; protein concentration as indicatedin table. Aliquots (2 ml) 
were centrifuged* before and after the addition of 5 mm Mg*t 
and 5 mm ATP and the radioactivities determined. 


Radioactivity . 
concen Before After AfterM 
on ter 
adding | adding | 
mg/ml \pmoles/g| c.p.m./ml % 
Natural actomyo- 
eas 2.1 4.9 | 10,600 | 6,320 | 10,880 | 36 
Reconstituted ac- 
tomyosin........ 1.9 5.5 9,860 | 5,840 9,660 | 39 
Myosin............ 2.4 3.2 9,200 | 5,860 9,820 | 45 
F-Actin........... 0.99 | 16.0 | 10,100 | 8,800 8,320 5.6 


* Myosin and actomyosin are present in a suspension under 
the conditions of this experiment; they were centrifuged in a 
clinical centrifuge for 2 minutes. 
trifuging at 90,000 X g for 3 hours. 


Actin was removed by cen- 
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Fic. 3. Binding of Ca to myosin. Myosin, suspended in 0.065 
M succinate buffer at pH 7.0, was added to solutions containing 
20 mo histidine, 2.5 mm oxalate, and added Ca as indicated on 
the abscissa. Protein concentration, 2.2 mg per ml; final volume, 
15 ml. The suspensions were centrifuged in a clinical centrifuge 
for 10 minutes. Two milliliters of 0.065 mM succinate buffer were 
added to the sediment and the suspension was analyzed for Ca 
as described under ‘‘Experimental Procedure.’’ The Ca uptake, 
shown on the ordinate as uwmoles per g of protein, was calculated 
at C; — [Cy + (Covp/1000)]/P, where C; is total Ca found in 
pmoles; C;, Ca initially bound to myosin, 9.3 X 10-2 ymoles; Co, 
concentration of added Ca, uM; vp, the volume of the myosin pre- 
cipitate, in ml; P, the amount of protein present, in g. 


TaBLe VI 

Effect of granules on uptake of Ca*® by reconstituted actomyosin 

Reconstituted actomyosin, 12.8 mg of protein per ml, was 
carried through the scheme shown in Fig. 2 with the actual treat- 
ments shown in the table. The buffer used in the initial and 
final step was 20 mm histidine, pH 7.0. Granule concentration 
was 214 wg of protein per ml. Bound Ca, 28 mumoles; added, 0.9 
mymoles, containing Ca‘ with a total activity of 7.6 X 10° c.p.m. 
The radioactivity was determined in §,; that of the exchangeable 
Ca was calculated assuming 36% of the total bound Ca was ex- 
changeable. 


Treatment of actomyosin Treatment of P; Radioactivity in S, 
c.p.m. 
None None 720 
Granules Granules 920 
Radioactivity in exchangeable Ca........ 360 ,000 


for myofibrils were carried out with reconstituted actomyosin. 
As shown in Table VI, the results are analogous to those obtained 
on myofibrils and again exclude the presence of a Ca fraction 
that, although not exchangeable, is, nevertheless, removable by 
granules or EDTA. 


DISCUSSION 


The findings of Bozler (7) and of Hasselbach (12) clearly show 
that about half of the Ca bound to muscle fibers or actomyosin 
can be removed by EDTA. The results presented here confirm 
this and show that the EDTA-extractable Ca fraction of myofi- 
brils is freely exchangeable with added Ca** and can be displaced 
by Mg. 

Our values for the Ca content of washed myofibrils agree well 
with the earlier results for glycerol-extracted muscle fibers (7). 
Our values reported for Ca in myosin, actin, and natural acto- 


myosin, however, are somewhat lower than those found by Has- 
selbach (12). 

Assuming a weight ratio of myosin to actin of 4 to 1 (13) in 
natural actomyosin and in the myofibrils, it follows from the 
values given for bound Ca in Table VI that half of the bound Ca 
in actomyosin is associated with myosin and half with actin. 
About the same percentage of the Ca bound to myosin is ex- 
changeable or displaceable by Mg*+t in myosin and actomyosin, 
None of the Ca bound to actin has this property. It follows, 
therefore, that the Mgt*-reversible exchange of about 40 to 50% 
of the total myofibrillar or actomyosin Ca cannot be accounted 
for in terms of the behavior of the Ca bound to the two proteins, 
myosin and actin, and it would seem that some of the nonex- 
changeable Ca of myosin and/or actin becomes exchangeable 
when the two proteins interact. 

The correlation between relaxing factor-like activity and the 
ability to form chelates with Ca, in the case of EDTA and a 
number of EDTA analogues, has prompted Ebashi (14) to sug- 
gest that the relaxing factor system of muscle acts by removing 
Ca, essential for maximal ATPase activity and contraction, from 
the myofibril. This view gained support from the fact that 
muscle granules bind Ca in the presence of ATP. A similar 
view was expressed by Weber (6). From the findings reported 
herein, it is apparent that although half of the bound Ca is re- 
moved from the myofibrils by EDTA or granules, this removable 
Ca is not essential for maximal ATPase activity, since the Mg++ 
present in the usual ATPase assay system displaces the same 
Ca fraction. The possibility has been examined that a portion 
of the bound Ca, necessary for maximal ATP cleavage and con- 
traction but removed by EDTA or granules, is restored by traces 
of Ca present in the reagents used for the suspension of the myo- 
fibrils before ATPase assay or Ca analysis. Experiments with 


-myofibrils pretreated with granules or EDTA and then exposed 


to Ca** show that no significant amounts of Ca* are taken up 
that would subsequently appear as displaceable by granules or 
EDTA but not by Mg. 

These results, taken in conjunction with those presented in the — 
preceding paper (8), suggest that the mechanism of the relaxing F 
factor system depends on a soluble relaxing substance which is } 
inactivated by Ca or Ca-ATP. The relaxing substance could | 
conceivably act on the myofibrils or on actomyosin by attaching } 
itself to the firmly bound Ca, an idea expressed in different terms 
some years ago by Bozler (4). The granules, according to our § 
view, not only produce a relaxing substance but, in view of their 
ability to bind Ca, also maintain conditions favorable for its f 


activity. 
SUMMARY 


1. About 50% of the Ca bound to myofibrils, actomyosin, and 
myosin is displaceable by Mg++ or removable by ethylene- 
diaminetetraacetate and muscle granules (relaxing factor). 

2. Experiments with Ca** show that the above Ca fraction is 
freely exchangeable with added Ca. 

3. Removal of the exchangeable Ca fraction has no effect on | 
the adenosine triphosphatase activity of the myofibrils. The 
existence of a Ca fraction which is extractable with ethylene- 
diaminetetraacetate or granules, but not displaceable by Mg**, 
and is essential for adenosine triphosphatase activity has been 
excluded. 

4. These results have been discussed from the point of view of 
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the participation of Ca in the mechanism of action of the relaxing 
factor system of muscle. 
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Estimation of Cystine plus Cysteine in Proteins by the 
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The interchange reaction between disulfides in concentrated and its purity checked chromatographically. N-2,4-Dini- 
acid solutions was demonstrated by Sanger (1) in 1953 with  trophenyl-L-cystine was prepared as described by Ryle and 
model compounds. Ryle and Sanger (2) later studied the forma- Sanger (2). Its molar extinction coefficient in 6 N HCl is 15,000 
tion of mono-dinitrophenyl cystine peptides in the reaction be- at 357 my, and its purity was determined chromatographically, 
tween insulin and di-DNP-cystine! in order to estimate the rate Cystine was an analytical reagent obtained from Winthrop- 
and extent of the interchange reaction. The disulfide inter- Stearns, Inc. Cysteine-HCl, analytical reagent grade, was ob- 
change reaction was studied from the standpoint of mechanism _ tained from Nutritional Biochemicals Corporation and contained 
by Benesch and Benesch (3). They coneluded that the mecha- 89% sulfhydryl by the N-ethylmaleimide and p-chloromercuri- 
nism could be represented by the following scheme: benzoate methods. Glutathione (Schwartz BioResearch, Inc.) 

é contained 98 % sulfhydryl as determined by the p-chloromercuri- 


Initiation: RSSR + H+ =— RS* + RSH 

benzoate and N-ethylmaleimide methods. Analytical reagent 
Interchange: RS* + R’SSR’ = RSSR’ + R’S* (2) grade HC! was used. 
Inhibition: R’S+ + RSH = RSSR’ + H+ (3) Procedure—A weighed amount of the protein preparation was 


‘ dissolved in a volume of 9.6 N HCl such that the concentration 
Ryle and Sanger (2) observed that the reaction was very slow 5 ¢ protein was in the range 0.025 to 0.20 umole per ml. The 
at hydrochloric acid concentrations below 9 N, but showed only = cohition was then divided into two equal parts. One part rep- 
a slight dependence on acid concentration above this value. j.onted the blank. To the other part, 1.2 mg of di-DNP-cystine 
Both Ryle and Sanger (2) and Benesch and Benesch (3) were per ml? were added, and the vials were closed tightly and placed 
able to show that the rate of the interchange reaction was greatly in a water bath at 39° + 0,03°, unless otherwise specified. Before 
decreased by thiols. ; ‘ ee ‘ immersion, the vials were wrapped with aluminum foil. Small 
The present paper describes the use of the interchange reaction jj. vials with polyethylene covers which provided an airtight 
for the estimation of the cy stine plus cysteine content Of pro- soa) were used throughout. After immersion for several hours 
teins. Briefly, the procedure involves the following steps: (@) in the bath, the aluminum foil adhered tightly to the glass, 
incubation of protein with an excess of di-DN P-cystine in strong forming an excellent protection against light. Samples were 
hydrochloric acid at 39°, (6) withdrawal of aliquots at intervals, withdrawn from the reaction mixture at the time intervals de- 
(c) extraction of di-DNP-cystine from these samples with ether, 44 
and (d) spectrophotometric determination of mixed disulfide Aliquots of 1 ml were withdrawn and pipetted directly into 
remaining in the aqueous acid solution after the ether extraction. viele containing 1.5 ml of water and 3.0 ml of ether. The di- 
The method has given reproducible results with many pro- pnp-cystine was then extracted once with 6 ml, and three 
teins. For proteins with known disulfide and sulfhydryl con- times with 3 ml of ether. The ether present in the aqueous 
tent, the agreement of the values obtained with the published phase was evaporated by gentle suction, and the aqueous phase 
values is excellent. It may be noted that in the studies of \... transferred quantitatively to a 25-ml volumetric flask and 
Benesch and Benesch (3) and Ryle and Sanger (2), either cystine diluted to the mark with 6 n HCl 
or protein (in terms of its disulfide content) was in excess of the ue af 
di-DNP-cystine. In the present work, this situation has been desired to study the rate of the reaction within 6 to 18 hours of 


reversed, a considerable excess of di-DNP-cystine compared the start of the In tie case of some 


to the cystine content of the reaction mixture being maintained. 

: 2 Under the conditions used, a saturated solution of di-DNP- 
ea Soe cystine was found to contain 1.3 wmoles per ml. Since 1.2 mg of 
Materials and Methods di-DNP-cystine represents approximately 3.3 umoles, the solution 
is saturated throughout the interchange experiment, solid di- 
Materials—N , N'-Bis-2 ,4-dinitrophenyl-L-cystine (di-DNP- DNP-cystine remaining at the bottom of the vial. Upon checking 
cystine) was prepared by the method of Porter and Sanger (4) | the di- DNP-cystine concentration at different stages of the inter- 
change with various proteins, it was observed that in each case 
* This investigation was aided by research grants from the Na-__ the interchange reaction was sufficiently slow to allow the solid 
tional Institutes of Health, United States Public Health Service. di-DNP-cystine to compensate exactly for the amount of di-DNP- 

1 The following abbreviation is used: DNP, dinitrophenyl. cystine used in the interchange reaction. 
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bidity was observed when the aqueous phase was diluted with 
water or HC! at concentrations lower than 6 N. 

The absorbancy (A) at 357 my in a 1-cm cell of the diluted 
aqueous phase, and of the blank which had been treated in 
exactly the same manner, was then determined. Either a 
Beckman DU or a Cary model 14 spectrophotometer was used. 
The calculation is then simply: umoles of mono-DNP-cystine 
per ml of reaction mixture = 25 A/15 = 1.67 A. 

The interchange reaction was generally followed until the 
mono-DNP-cystine concentration in the aqueous phase did not 
change by more than 1% over a period of 4 days. When the 
reaction approached equilibrium, the determinations of mono- 
DNP-cystine were carried out in triplicate, and the values ob- 
tained were averaged. 

Determination of Protein Content—In most cases, protein 
concentration was determined by using the known extinction 
coefficient of the protein in question in the region of 280 mu. 
For maximal precision, the extinction coefficient of the protein 
in 6 N HCl was compared with that of a neutral solution at the 
same concentration of protein. The correction involved was of 
the order of 2 to 5%, the absorbancy being less in all cases 
in the 9.6 N HCl than in the neutral solution. Once the ex- 
tinction coefficient in 9.6 N HCl was available, a direct determina- 
tion of the protein concentration in the reaction mixture blank 
could be performed. It was found for all the proteins studied 
that when such a determination was performed within 30 minutes 
of dissolving the protein in 9.6 Nn HCl, no measurable loss of 
tyrosine or tryptophan had taken place at room temperature. 
In a few cases, when values of E!%, were not available, the 
protein content was obtained by performing dry weight de- 
terminations and correcting for the moisture content of the 
protein. 

In general, it was found that deionized proteins gave lower 
blank values, and the use of such preparations is advised if high 
accuracy is desired. 

Aliquots were removed from reaction mixtures containing 
different proteins and di-DNP-cystine at different times during 
the interchange reaction and after equilibrium was reached. 
These samples were extracted with ether as described above. 
Two-dimensional chromatography was performed with the ‘‘tol- 
uene”’ system (5) in the first dimension and sodium citrate in 
the second dimension (6). Pyridine-acetic acid-water buffer, 
at pH 6.4, was used for the electrophoresis (7) and n-butanol- 
acetic acid-water (200:30:75) for the chromatography in the 
two-dimensional electrophoresis-chromatography. Examina- 
tion of the chromatograms after both these separations revealed 
that the ether phase contained only di-DNP-cystine. No other 
DNP derivatives or ninhydrin-positive material could be de- 
tected. The aqueous phase contained no trace of di-DNP-cys- 


tine. 


No breakdown of di-DNP-cystine was observed after 4 weeks 
at 39° or after 48 hours at 60° in 9.6 n HCl. After more than 
a few days at 60°, some breakdown of di-DNP-cystine was 
observed. Since the concentration of the mono-DNP-cystine 
peptides present at equilibrium (as determined spectrophoto- 
metrically) remained constant over a considerable period of 
time, it is apparent that the mono-DNP-cystine is also stable 
under the conditions used. It should be emphasized that the 
reactions were studied with all light excluded, since it is well 
known that these DNP derivatives are light-sensitive. 
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with di-DNP-cystine in 9.6 n HCl at 39°. 
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General Observations and Optimal Conditions 


In agreement with the findings of Ryle and Sanger (2), it was 
observed that the rate of interchange in 12 n HCl was essentially 
the same as that in 9.6 N HCl. 

“Aging” of Di-DNP-cystine Solution—Benesch and Benesch 
(3) observed that the interchange reaction proceeded at a faster 
rate when either or both of the participants had been allowed to 
stand for a long period of time in 12 N HCl. They considered 
this effect to be due to the accumulation of RS*. 

A saturated solution of di-DNP-cystine in 12 n HCl was 
allowed to stand in the dark for 2 months. The rates of in- 
terchange obtained with this reagent and a freshly prepared one 
were then compared in the case of several proteins. Although 
the initial rate of interchange was somewhat increased, this 
effect disappeared after several hours, and the rate became iden- 
tical to that observed with the freshly prepared reagent. 

Effect of Temperature on Rate of Interchange—It was found 
that when the interchange reaction was carried out at 60°, the 
rate of the reaction was appreciably increased. There are, 
however, two disadvantages to using this high temperature. 
First, the equilibrium concentration of mixed disulfide for a 
given protein concentration was approximately 10% less than 
that obtained at 39°, thus lowering the precision of the measure- 
ments. Secondly, some destruction of di-DNP-cystine took 
place at 60°, whereas no detectable destruction of the reagent 
could be observed at 39°. In view of these findings, it was 
considered that the disadvantage of the longer time taken to 
attain equilibrium at the lower temperature was offset by the 
advantage of greater precision. 

Reaction with Thiols and Effect of Added Cysteine—The inter- 
change reaction occurred with both cysteine and glutathione, 
although at a very much slower rate than with either cystine or 
ribonuclease (Fig. 1). 

When added to a disulfide, such as cystine, cysteine was 
found to slow down the rate of the interchange reaction con- 
siderably (Fig. 1). The same effect was observed on addition 
of cysteine to a protein containing only disulfide bonds, e.g. 
insulin. The extent of decrease in rate of the interchange de- 
pended on the relative amount of protein and cysteine. It should 
be noted that when sufficient time was allowed for the mixture 
to attain equilibrium, 7.e. several weeks, the final value of mixed 


1.0 


& 


per mole of half-cystine 


Moles of mono-ONP-cystine 


L 


200 300 400 500 
Time (hours) 
Fig. 1. Reaction of thiol- and disulfide-containing compounds 
O, cystine (0.6 umole 
per ml); O, cysteine (1.6 wmoles per ml); @, glutathione (1.6 
umoles per ml); A, cystine (0.6 umole per ml) plus cysteine (0.4 
umole per ml). 
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Ribonucteose (0.12) 


(0,19) 


Insulin (0.17) 
Pepsin (0.17) 


Moles of mised disultide 
per mole protein 


Aractogtobulin (0.17) 
0 100 200 300 100 300 
Time (hours) 

Fic. 2. Reaction of several proteins with di-DNP-cystine in 
9.6 Nn HCl at 39°. The concentration of the protein is given paren- 
thetically in wmoles per ml. 


TRYPSIN BOVINE SERUM ALBUMIN OVALBUMIN 
i2 5 
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= 
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Time (hours) 


Fic. 3. Effect of protein concentration on rate and equilibrium 
of reaction with di-DNP-cystine in 9.6 n HCl] at 39°. Protein 
concentrations are given in uwmoles per ml. 


Ribonucieose 


Moles mono-ONP- cystine /mole protein 


0.04 


0.08 0.12 0.16 
Protein conc. (wmoles) 


Fic. 4. Equilibrium values for formation of mono-DNP-cystine 
as a funetion of protein concentration. 


disulfide represented the sum of the added cysteine and the 
disulfide content of the protein. 

Rate and Equilibrium of Interchange Reaction—The rate at 
which equilibrium was attained depended markedly on the 
protein under investigation. Of the proteins studied, ribo- 
nuclease was found to reach equilibrium most rapidly, within 
48 hours, whereas trypsin attained equilibrium only at the end 
of approximately 21 days. Some data for several representative 
proteins are presented in Figs. 2 and 3. 

In the half-cystine concentration range of 0.1 to 3.4 umoles 
per ml of reaction mixture, it was observed that as the concen- 
tration of half-cystine (i.e. protein) was increased, the amount of 
the mixed derivative per mole of half-cystine, obtained at equi- 
librium, was diminished (Fig. 3). This is probably due to the 
fact that as the absolute concentration of the mixed derivative 
becomes comparable with that of the di-DNP-cystine, the re- 


Disulfide Interchange Reaction 


verse reaction leading to the formation of symmetrical disulfide 
becomes important. 


R—S—S—R’ + R’S* = R’—S—S—R’ + RS* 


This observation was utilized for the determination of the 
half-cystine content of proteins. The amount of mono-DNP. 
cystine present at equilibrium was determined at several protein 
concentrations for each protein, and the ratio of umoles of mono- 
DNP-cystine per umole of protein was calculated for each con- 
centration of protein. The values thus obtained were plotted 
against the protein concentration, and the line through these 
points, calculated by the method of least squares, was extrap- 
olated to zero protein concentration. The intercept represents 
the limiting number of mono-DNP-cystine residues and, hence, 
the total cysteine and half-cystine content of the protein, 
Several such representative plots are shown in Fig. 4. 

Table I gives for a number of proteins the half-cystine values 
obtained by the extrapolation method described above. It is 
evident that for these proteins, the values determined by this 
method are in excellent agreement with the published values for 
the content of half-cystine plus cysteine. For the sake of 
brevity, only a few of the more recent values from the literature 
are cited. 

The equilibrium values for the mono-DN P-cystine formed may 
be plotted as a function of the total cysteine plus half-cystine 
content of the reaction mixture. Such a plot is given in Fig. 5 
for bovine serum albumin, trypsin, and ribonuclease. It is 
evident that the points fit on a single smooth curve and, indeed, 
data obtained with other proteins also fit the same curve very 
well. 

Inasmuch as the data for all proteins studied fit on the same 
curve, it becomes possible to determine the half-cystine content 
of a protein on the basis of a single determination, provided that 
a curve such as the one in Fig. 5 has been constructed, or simply 
by using the curve in Fig. 5. The most precise values are ob- 
tained when the half-cystine content of the reaction mixture is 
in the range of 0.5 to 1.5 umoles of half-cystine per ml. 


the extrapolation method. 


In Table II some results are given for several proteins. In — 
these instances, duplicate determinations of the equilibrium — 
values for the mono-DNP-cystine formed at a single protein © 
concentration were performed. ‘The results were then calcu- | 
lated by interpolation on the smooth curve of Fig. 5. The data | 
in Table II indicate that satisfactory results can be obtained by | 


this method. 


Specificity of Reaction—No reaction with any amino acid other 
than cystine or cysteine could be observed under the conditions | 


described above. Methionine did not react at all, regardless 
of the concentration used. Proteins known to be free from 
cystine and cysteine, e.g. whale myoglobin and protamine sulfate 


(salmine), did not give any interchange (Table II). Perhaps; Bente 


the strongest evidence supporting the view that the interchange; 
reaction is completely specific for cystine (and cysteine), under 


the conditions used in these experiments, is the fact that the 


results obtained with proteins of known sulfur content are i 


complete accord with those reported in the literature. 
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It should | 


be emphasized, however, that the values obtained from a single | 
determination are inevitably less reliable than those obtained by 
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TaBLeE [ 
Half-cystine plus cysteine content of proteins 
These values were determined by extrapolation to zero protein concentration by plots similar to those given in Fig. 4. The values 


were calculated by the method of least squares. 


lized) 


Half-cystine + cysteine 
Protein Source mol. 
Experimental Literature 
Bovine serum albumin (crystal- | Armour Lot No. 128-176 6.60 (8) 69,000 34.9 +0.5 | 35 (9) 
Trypsin (crystallized) Worthington Biochemical Corp. 14.4 (10) 24,000 12.0 + 0.2 | 12 (11) 
Lot No. TRSF-688 
Ribonuclease (crystallized) Worthington Biochemical Corp. 6.9 (12) 13, 683 8.0 + 0.2 8 (13) 
Lot. No. 558 
Insulin (bovine) Squibb, Zn-free 10.0 (14) 5,700 5.9+0.1 6 (15) 
Ovalbumin (crystallized) Nutritional Biochemical Corp., 7.35 (16) 45,000 7.0 + 0.1 6.5-7 (17) 
twice crystallized, salt-free 
Lysozyme (crystallized) Armour Lot No. 003L1 27.3 (18) 14,000 10.4+0.4 | 8 (19) 
10 (20, 21) 


2.0r 


© Bovine Serum Albumin 
@ Trypsin 
Ribonuciease 


Moles mono-ONP-cystine/ml reaction misture 


0 2 4 6 
p moles half-cystine/mi reaction misture 


Fic. 5. Equilibrium values for formation of mono-DNP-cystine 
as a function of half-cystine (plus cysteine) concentration of the 
protein in the reaction mixture. 


DISCUSSION 


When this investigation was initiated, it was hoped that it 
would be possible to distinguish between disulfide and sulfhydryl 
content, or at least between proteins containing only disulfide 
bonds and those containing both disulfide bonds and sulfhydryl 


groups, on the basis of the rates of the interchange reaction. It 
is evident from inspection of the figures that this did not prove 
to be possible. Thus, for example, trypsin which contains six 
disulfide bonds and no sulfhydryl groups reacts with di-DNP- 
cystine in the interchange reaction far more slowly than oval- 
bumin which has only one disulfide bond and four or five sulfhy- 
dryl groups. 

Under the conditions used in this study, the proteins may be 
considered to undergo essentially complete denaturation im- 
mediately on coming in contact with the 9.6 n HCl. Indeed, 
the proteins also undergo extensive hydrolytic cleavage within 
a short time. It is clear, therefore, that differences in the reac- 
tivity of the disulfides in different proteins cannot be ascribed to 
effects based on the presence of secondary structure. Rather, 
the explanation probably resides in the influence of neighboring 
polar groups in the peptides containing the disulfide. Such polar 
groups may either labilize the S—S bond or render it less active. 
Part of the effect exerted by the neighboring groups may, of 
course, be due to repulsion of the positively charged attacking 
ion (RS*) and also of protons when positively charged e-ammo- 
nium groups of lysine or guanidinium groups of arginine are in 
close proximity to the disulfide bond. 


TaBLeE II 
Half-cystine plus cysteine content of proteins 


These values were determined by duplicate estimations of mono-DNP-cystine formed at a single protein concentration. The pro- 
tein content of half-cystine plus cysteine was then estimated by interpolation on the standard curve of Fig. 5. 


Half-cystine + cysteine 
Protein Source mol. 
Experimental Literature 
Pepsin (porcine) Crystallized 3 times 14.3 (22) 35, 500 6.0 + 0.3 6 (11, 23) 
_ B-Lactoglobulin Crystallized 3 times 9.5 (24) 35,500 9.8+ 0.2 10 (25) 
Chymotrypsinogen (crystallized) Armour R337254 20.0 (26) 25, 100 10.1 + 0.3 10 =(26) 
Myoglobin, whale (recrystallized) Gift of Dr. J. C. Kendrew 17,000 0.1 0 (27) 
Human y-globulin (II-1,2) Squibb — 160,000 35.1 + 0.8 34.6 (28)f 
Protamine sulfate Squibb . 8,000 0.0 0 (29) 


* Protein content was determined by dry weight. 


t This value is based on a molecular weight of 160,000 and a half-cystine plus cysteine content of 2.6% calculated from the total 
sulfur minus the methionine sulfur of this preparation. 
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The importance of electrostatic effects has been shown by 
Moore and Porter (30), who studied the exchange reaction of 
arenesulfenyl chlorides (e.g. 2,4-dinitrophenylsulfenyl chloride) 
with organic disulfides. These investigators demonstrated that 
the rate of exchange at room temperature was dependent on the 
polarity of the solvent, exchange being considerably faster in 
acetic acid than in less polar solvents, such as ether, carbon 
tetrachloride, and xylene. 

The differences in the rate of interchange found with the vari- 
ous proteins under conditions in which all secondary structure 
and much of the primary have been destroyed, illustrate the 
great importance of the neighboring amino acids in the peptide 
chain in determining the reactivity of the disulfide bond. 

In view of the mechanism proposed by Benesch and Benesch 
(3) for the interchange reaction, the interchange obtained with 
thiols may appear to be unexpected at first glance. It should 
be noted, however, that no attempt was made in the present 
studies to exclude either oxygen or trace metals from the reac- 
tion mixture. Hence the reaction observed may be due to slow 
oxidation of thiol groups to disulfides, which can then participate 
in the interchange reaction. The above interpretation is also 
consistent with the finding that for proteins such as B-lactoglobu- 
lin, ovalbumin, ete., which contain both disulfide and _ thiol 
groups, the values obtained from the interchange reaction rep- 
resent the total of the disulfide and sulfhydryl content. 

It should be mentioned that if sulfenic, thiol ester, or thia- 
zoline groups exist in proteins, and if these groups are capable 
of either reacting directly with di-DNP-cystine, or giving rise 
to sulfhydryl and, hence, disulfide under the conditions of the 
interchange reaction, such groups would be included in the mixed 
disulfide value as determined by this method. 

The agreement of the values obtained in this study with those 
reported in the literature is excellent. In the case of y-globulin, 
the value of 35.1 + 0.8 obtained for the cystine plus cysteine 
content of this protein agrees well with the value of 34.6 cal- 
culated from the total sulfur content minus the methionine sul- 
fur present in this protein. The data in Fig. 4 show that for 
proteins with three to six disulfide bonds (e.g. insulin, ovalbumin), 
two or three points suffice to obtain a reliable extrapolated value. 
Therefore, it is possible to obtain such a value with as little as 
0.6 to 1 umole of protein. 

Although earlier work had indicated that egg white lysozyme 
contains 10 half-cystine residues (20, 21), Jolles et al. (19) have 
indicated recently that this protein may contain only eight such 
residues. It is noteworthy that our results indicate 10 half- 
cystine residues in lysozyme, in accord with several earlier studies. 

Since the equilibrium values for mono-DNP-cystine concen- 
trations obtained with the different proteins studied fall fairly 
well on the curve shown in Fig. 5, it would appear that a similar 
equilibrium is reached in all cases. This is not surprising, in 
view of the fact that by the time equilibrium is reached, the 
hydrolysis of each of the proteins has progressed to the point at 
which essentially only dipeptides and free amino acids are pres- 
ent. 

It is not expected that the present method will displace others 
currently available for the determination of cystine plus cysteine 
in proteins. Rather, our method may provide a useful additional 
procedure for this determination. One of the methods most 
widely used at present for total cysteine plus cystine determina- 
tion is that of Schram, Moore, and Bigwood (31). Their pro- 
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cedure and its various modifications involve oxidation with 
performic acid, hydrolysis under standard conditions, and 
determination of cysteic acid by a chromatographic separation. 
The major uncertainty in this oxidative method is the size of 
the correction factor which must be applied to provide for the 
hydrolytic loss of cysteic acid. It is evident from our results 
that with our method, no correction factors are needed nor are 


any chromatographic separations required. The main draw. — 


back to our method would appear to be the patience required to — 


wait the several weeks which may be necessary for the attain. 
ment of equilibrium. 

Finally, we should note that the disulfide interchange reaction 
has also been applied to the determination of the sulfur distriby. 
tion in crystalline papain.* Previous investigations (32) have 
indicated the presence of eight sulfur atoms but only six half. 
cystine residues in this protein. Papain contains no methionine. 
The interchange reaction gave a value of eight half-cystine regj- 
dues per mole of papain. This has since been confirmed by 
independent methods. This experience indicates that it js 
useful to have an additional, independent method for determin- 
ing cysteine plus cystine in proteins. 


SUMMARY 


The disulfide interchange reaction of di-dinitropheny] cystine 
in concentrated acid solution with cystine, simple thiols, anda — 
number of proteins has been investigated. The effects of acid 
concentration, temperature, and protein concentration on the — 
kinetics and equilibrium of the exchange reaction have been — 
studied. The reaction appears to be specific for the oe | : 


and thiol groups of proteins. No reaction with methionine or — 
with proteins lacking sulfur-containing amino acids could be | 


demonstrated. The various proteins studied varied widely with — 
respect to the rate of exchange with di-dinitropheny] cystine. — 
The equilibrium values of the reaction were utilized in the de- 
velopment of a method for the precise estimation of the half- — 
The results obtained 
are in good agreement with those in the literature for the half- 


cystine plus cysteine content of proteins. 


cystine plus cysteine content of 12 different proteins. 
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Fully reduced bovine ribonuclease, a molecule which probably 
exists in a random coil configuration (1, 2), will, under the in- 
fluence of molecular oxygen alone, oxidize to form an organized, 
enzymatically active product in high yield (3, 4). This material 
seems indistinguishable on the basis of physical properties from 
native ribonuclease (RNase). These observations suggest that 
the information determining not only the covalent structure, 
but also the secondary and tertiary structure of the molecule, 
is contained in the amino acid sequence itself. It is of interest 
to determine which portions of the sequence are most necessary 
for correct refolding. The reduction and subsequent oxidation 
of subtilisin-modified RNase! has, therefore, been studied in an 
attempt to obtain at least a partial answer to this question. The 
results described below indicate that after removal of 20 of the 
124 residues which form the RNase chain, an enzymatically 
active product may be produced by oxidation of the fully reduced 


derivative. 


EXPERIMENTAL PROCEDURE 


Bovine pancreatic RNase (Pentex, Inc.) was subjected to 
chromatography on carboxymethylcellulose in a manner similar 
to that employed by Aqvist and Anfinsen (6). The “A” peak 
was treated with subtilisin and RNase-S was isolated and sepa- 
rated into its protein and peptide components (5). 

Reduction—RNase-S or S-protein in 1% solution in 8 mM urea 
(recrystallized) were treated with an excess of mercaptoethanol 
(The Matheson Company, Inc.) 100 times the molar concentra- 
tion of protein, at room temperature (22-25°). After an appro- 
priate period of reduction, the protein was precipitated with 10 
volumes of ice-cold acetone-1 mM HCl (39:1), washed three times 
with this solvent, and then twice with acetone (4). 

Determination of Sulfhydryl Content—The precipitated, re- 
duced protein was dissolved promptly in water (at 0°) through 
which nitrogen had been bubbled. Sulfhydryl groups were then 
titrated spectrophotometrically with p-chloromercuribenzoate 
(7). An alternate sulfhydryl determination was performed by 
alkylating the sulfhydryl groups with 1-C'-iodoacetic acid under 
conditions in which alkylation of other functional groups of the 
molecule is minimal. In this procedure, the mixture of protein, 
mercaptoethanol, and urea is diluted five-fold with water, and 
a three-fold molar excess of 1-C!*-iodoacetate of low specific ac- 
tivity is added, the pH of the mixture being maintained at 8.2. 


1 According to Richards (5), subtilisin-modified RNase is ab- 
breviated as RNase-S, the 104 amino acid protein product of 
trichloroacetic acid precipitation as S-protein, and the 20 amino 
acid peptide fragment as S-peptide. 


The reaction is allowed to continue for 15 minutes, at the end 
of which time the protein is precipitated and washed as described 
previously, except that the number of washings with each solvent 
is increased to five, and the final acetone wash is followed by two 
ether washes. The precipitate is then dissolved in water and 
the protein concentration estimated spectrophotometrically at 


280 mu. Counting is performed in Tri-Carb liquid scintillation | 


spectrometer (Packard Instrument Company, Inc.) with an- 
thracene crystals as the phosphor (8). A comparison of the 
specific radioactivity of the 1-C-iodoacetate with that of the 
alkylated protein permits calculation of the molar ratio of car- 
boxymethyl groups to protein. Although it is well known that 
iodoacetic acid may react with functional groups other than the 
free sulfhydryls of reduced RNase (9), side reactions appear to 
be minimal under the conditions described above. As controls 
on the occurrence of such side reactions, RNase or S-protein 
subjected to this procedure without prior reduction react with 
only 0.1 to 0.2 mole of iodoacetate per mole of protein. Fur- 
thermore, determinations by the alkylation procedure cor- 
respond closely to those obtained by p-chloromercuribenzoate 
titration. For example, samples of RNase, subjected to condi- 
tions known to result in complete reduction (4, 10), give values 
of 8.0 to 8.3 by the radioactive method. 

Oxidation—Solutions of the precipitated, reduced protein were 
lyophilized in order to remove traces of organic solvent. The 
lyophilized material was then dissolved in a volume of water at 
0° sufficient to achieve a concentration of 2 mg per ml. 


allowed to proceed for 20 hours. 


Assay of Enzymatic Activity—Enzymatic activity was assayed | 


with RNA as substrate (11). S-Protein preparations were rou- 
tinely assayed both in the presence and absence of S-peptide. 


Chromatography—S-Protein and reduced, oxidized S-protem 


were chromatographed on carboxymethylcellulose in 25- X 
l-em columns, with a gradient elution from 0.01 m potassium 


phosphate at pH 5.8 to 0.1 m potassium phosphate at pH 7.9. © 


A four-bottle variable gradient system (12) was used, the initial 
buffer being contained in the first three bottles and the final 
buffer in the fourth; total elution volume was 2 liters. 


RESULTS 


The data in Table I indicate that reduction of S-protein ap-_ 


pears to be complete in 1 minute. At the end of this time, 
enzymatic activity is also completely lost. The rate of reduc- 
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Anequal 
volume of 0.2 m KzeHPO, was added and the solution was brought ; 
to pH 8.0 with KOH. Gentle agitation in a round bottom © 
flask, stoppered with a loosely packed cotton plug, was then 
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tion of S-protein appears to be much more rapid than that of 
RNase (the detailed kinetics of which is now under investiga- 
tion). Sulfhydryl determinations by p-chloromercuribenzoate 


titration and by the radioactivity method described above cor- 


respond closely. 

The results of oxidation are shown in Table II. Each sample 
was reduced at least 2 hours and was completely inactive after 
reduction. It is apparent that, although reduced S-protein will 
oxidize to form an active product, it does so with lower yield 
than RNase-S, which in turn is less efficiently oxidized than 
RNase.. Considerable precipitation, with low recovery of sol- 


uble products during oxidation, is at least in part responsible for — 


the low yields in the instance of reduced S-protein oxidation. 
This precipitate is partially soluble in 8 m urea solutions and 
completely soluble in the presence of both 8 M urea and mercap- 
toethanol, suggesting that aggregation and the formation of 


TABLE I 
Reduction of S-protein by mercaptoethanol 
All samples were enzymatically inactive after reduction. 


Sulfhydryl/ 
Method of sulfhydryl determination = le of 
min moles 
p-Chloromercuribenzoate titration...... 1 8.0 
p-Chloromercuribenzoate titration. ..... 5 8.1 
p-Chloromercuribenzoate titration....... 15 8.2 
p-Chloromercuribenzoate titration....... 60 8.2 
p-Chloromercuribenzoate titration....... 120 8.0 
C4-acetate determination............... 120 8.1 


TABLE II 


Enzymatic activity of S-protein,s RNase-S, and RNase, fully 
reduced and then oxidized with air 


| Enzymatic ‘ 
| activity 
Reactant? | Experiment No. ag “activity 
oxidized 
| protein oxidation 
| % 
S-Protein..... 1 48 76 36 
S-Protein.... 2 33 39 13 
S-Protein.... 3 17 31 5 
S-Protein.... 4 55 26 14 
8-Protein.... 5 21 43 9 
S-Protein.... Mean 35 43 15 
RNase-S..... 1 47 56 26 
RNase-S..... 2 39 100 39 
RNase-S..... 3 44 76 35 
RNase-S..... Mean 43 77 33 
RNase........ From White (4) 84 52 44 


“Samples of S-protein were assayed routinely both in the 
Presence and absence of S-peptide. Activity in the absence of 
S-peptide was always 0. | 

’ All samples were completely inactive after reduction. 

¢ Expressed as a percentage of activity of equal concentration 
of native RNase “A”’ peak. 

“Column 3 times column 4. 


E.. Haber and C. B. Anfinsen 
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LITERS 

Fic. 1. Chromatography of S-protein and reduced oxidized S- 
protein. The ordinate represents enzymatic activity in terms of 
change in density at 260 mu as determined in an assay with RNA 
(11). All enzyme activity of material applied to this column was 
recovered in the single peak illustrated. Specific enzyme activity 
of material recovered from column, after concentration and de- 
salting, was identical to that of unmodified S-protein. Because 
of the low concentration of protein, the inactive fractions could 
not be detected. In this chromatographic system RNase ‘‘A”’ 
appears at approximately 1.2 liters, whereas the mobility of 
RNase-S is identical to that of S-protein. O——O, S-protein; 
x——X, reduced, oxidized S-protein; -— —-, conductivity of solu- 
tion in mhos X 10~. 


intermolecular disulfide bridges are responsible for its forma- 
tion. 

Chromatographic separation of S-protein is accomplished 
readily on carboxymethylcellulose, a result which is of interest 
since Richards (13) has been unable to chromatograph this ma- 
terial on Amberlite IRC-50 (XE-64). The chromatographic 
mobility of S-protein and the reduced, oxidized product appear 
identical, as indicated in Fig. 1. Such chromatographically 
purified material shows, upon addition of S-peptide, the same 
specific enzyme activity as unmodified RNase-S. 


DISCUSSION 


Random reoxidation of the 8 sulfhydryl groups in reduced 
RNase would reform the native configuration with a probability 
of less than 1% (14, 15). Material which can be activated by 
S-peptide is produced by the oxidation of S-protein in an average 
yield which is 15 times greater than that expected by random 
recombination. If one assumes that most of the precipitated 
material produced during the oxidation procedure is the result of 
intermolecular bonding and that isomers of differing intramolecu- 
lar disulfide bridging would remain soluble, the more impressive 
figure of 35 times the expected yield is obtained. These findings 
probably indicate that the “information” for the formation of a 
secondary and tertiary structure compatible with enzymatic 
activity resides in the 104 amino acid S-protein. The presence 
of the peptide moiety results in increased efficiency of oxidation, 
but since most of this increase is associated with a greater yield 
of soluble product, it may be related only to diminished aggrega- 
tion. 

Evidence has been presented that the location of disulfide 
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bridges in reduced, oxidized RNase is identical to that in native 
RNase (16). This kind of evidence is as yet not available for 
S-protein, although identical chromatographic mobility and 
specific enzyme activity suggest similar structure. The observa- 
tion that reduced RNase does not oxidize to form an active prod- 
uct in 8 M urea solution? strongly suggests that the correct match- 
ing of half-cystine residues is dependent upon a unique set of 
hydrogen bond interactions which contribute to the spatial 
orientation of the reacting SH groups. 


SUMMARY 

Complete reduction, followed by reoxidation, of the 104 amino 
acid component of subtilisin-modified ribonuclease (S-protein) 
results in significant regain of enzyme activity when the material 
is assayed in the presence of the 20 amino acid peptide compo- 
nent (S-peptide). This finding suggests that “information” 
determining secondary and tertiary structure of ribonuclease is 
contained in the amino acid sequence of the above mentioned 
protein moiety. 
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Glycopeptides 
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It is now clearly established that many proteins contain tightly 
bound carbohydrate. In particular, all of the y-globulins and 
specific antibodies which have been obtained in highly purified 
form have been demonstrated to contain small amounts of 
carbohydrate (2) and may be classified, therefore, as glyco- 
proteins (3). At the time our studies were initiated, the exact 
nature of these carbohydrates, their structure, and their mode 
of attachment to the polypeptide chains of the protein had not 
been ascertained. 

In 1938, Neuberger (4) reported the preparation from crystal- 
line ovalbumin of a polysaccharide containing mannose, giucos- 
amine, and a small amount of an unidentified nitrogen-contain- 
ing substance. Later, Johansen, Marshall, and Neuberger (5), 
Jevons (6), and Cunningham, Nuenke, and Nuenke (7) each 
independently reported in brief notes further studies on oval- 
bumin. The results from these three laboratories all concurred 
in the finding of a single polysaccharide prosthetic group that 
the evidence indicated is attached to an aspartyl residue of the 
protein. 

In the present investigation, first presented (1) at about the 
same time as the above studies on ovalbumin, we reported that 
the polysaccharide is uniquely attached to an aspartyl residue 
in a fraction of human y-globulin. We now wish to present in 
detail our studies supporting this conclusion. The carbohydrate 
composition of the intact y-globulin has been investigated. 
The protein was digested with crystalline papain, glycopeptides 
were isolated from the digest, and these have been characterized 
by various chemical methods. After the presentation of our 
methods and results, further discussion will be presented of our 
present knowledge of the structure of glycoproteins. 


EXPERIMENTAL PROCEDURE 


Paper Chromatography — Qualitative and semiquantitative 
analysis for sugars and amino acids was performed with the 
following solvent systems: Solvent 1, n-butanol-pyridine-water 
(6:4:3, volume for volume) (8); Solvent 2, ethyl acetate-acetic 
acid-ethanol-benzene-water (325:93:236:200:146, volume for 
volume); Solvent 3, n-propanol-pyrophosphate (9); Solvent 4, 
butanol-acetic acid-water (200:30:75) (10). 

The following color reagents were used for the detection of 


. This investigation was aided by research grants from the 
National Institutes of Health, United States Public Health Serv- 


ice. A brief report of a part of this work has been published (1). 


t Postdoctoral Research Fellow, National Cancer Institute, 


_ United States Public Health Service (1956-58). 


sugars: Reagent I, the aniline phthalate reagent of Partridge 
(11); Reagent II, 1.2 g of p-anisidine, 1.7 g of phthalic acid, 10 
mg of SnCl.-H,O in 100 ml of ethanol or water-saturated n- 
butanol (12); Reagent III, 2 g of Ag.O, 25 ml of 28% NH,OH 
and 75 ml of methanol (13); Reagent IV, (a) 2 g of AgNO; dis- 
solved in a minimal amount of water plus methanol to 100 ml, 
and (b) 2 g of NaOH dissolved in a minimal amount of water 
plus methanol to 100 ml (14); Reagent V, the p-dimethylamino- 
benzaldehyde reagent as described by Partridge (15); Reagent VI, 
the orcinol-trichloroacetic acid reagent described by Klevstrand 
and Nordal (16) and Blix et al. (17). 

Amino acids were detected with the ninhydrin reagent of 
Levy and Chung (18). A Spinco Analytrol equipped with 
Corning filter No. 5021 was used for quantitative estimation of 
sugars on paper chromatograms developed with Reagents I or 
II. The Analytrol was used with a Wratten filter No. 58 for 
mapping the glycopeptides on ninhydrin-developed chromato- 
grams. 

Hexose Determinations—A modification of the orcinol-H.SO, 
method described by Winzler (19) and Vasseur (20) was used 
for quantitative hexose determinations. Samples containing 
about 1 umole of hexose in 1.0 ml of 10% (volume for volume) 
isopropanol-water were heated for 15 minutes at 80° with 10.0 
ml of an orcinol-H,SO, reagent which contained 100 ml of 1.6% 
(weight per volume) orcinol in 1 N H2SO, and 900 ml of 3:2 
(volume for volume) H:SO,-water. The developed color was 
read in a Coleman Jr. spectrophotometer at 540 my against | 
distilled water. The use of isopropanol improves the linearity 
of the color response. A 1:1 galactose-mannose standard, which 
was included in every assay, gave an absorbancy of about 0.4 
per umole. The relative color yields of the common aldehexoses 
and fucose are as follows: galactose, 1.11; 1:1 galactose-mannose, 
1.00; 3:5 galactose-mannose, 0.98; mannose, 0.88; fucose, 0.62; 
and glucose, 0.37. 

Hexosamine Determination—A modification of the p-dimethy]l- 
aminobenzaldehyde method described by Blix (21) was used for 
the estimation of hexosamine. Samples containing about 0.5 
umole of free hexosamine and 1.0 ml of 2m NaCl in a total volume 
of 3.0 ml were heated for 90 minutes at 90° with 3.0 ml of fresh 
4% acetylacetone in aqueous 1.25 n Na,COQ; in 6-in test tubes 
covered with glass marbles. The tubes were cooled and main- 
tained at 0° while 10.0 ml aliquots of absolute ethanol were 
added and the solutions mixed. Aliquots (1.0 ml) of the p- 
dimethylaminobenzaldehyde reagent (1.6 g of p-dimethyl- 
aminobenzaldehyde in 30 ml of absolute ethanol and 30 ml of 
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concentrated HCl) were added slowly with stirring. The tubes 
were kept in a 30° water bath for 1 hour before the color densities 
were read in a Coleman Jr. spectrophotometer at 530 my against 
distilled water. The hexosamine values were calculated on the 
basis of the color densities of identically treated standards of 
glucosamine. 

Determination of Other Sugars—The cysteine-H2SO, method of 
Dische and Shettles (22) with an external L-fucose standard and 
a 3-minute heating period was used for the quantitative de- 
termination of fucose. Beckman model DU spectrophotometer 
readings at 396 and 430 my with and without cysteine were used 
to correct for the interference of other sugars as recommended 
by Dische and Shettles (22) and by Winzler (19). 

The direct Ehrlich and the Bial-orcinol methods of Werner 
and Odin (23) were used for the determination of sialic acids. 
The standard for the determination was the crystalline acid 
glycoprotein of Weimer, Mehl, and Winzler (24). 

The carbazole method of Dische (25) was used for the estima- 
tion of uronic acids. 

Micro-Kjeldahl Nitrogen Determination—Nitrogen was de- 
termined by a combination of the micro-Kjeldahl and photo- 
metric ninhydrin methods. Samples containing approximately 
0.1 umoles of nitrogen were digested in 6-inch heavy walled 
Pyrex test tubes and heated for 5 hours on a 300° sand bath with 
0.10 ml of a digestion mixture prepared by mixing 50 ml of H.- 
SO,, 50 ml of H.O, 100 mg of HgO, and 5 g of K.SO,. After the 
digestion was complete, the sample was treated by the ninhy- 
drin-hydrindantin procedure of Moore and Stein (26). The 
color densities were read in a Coleman Jr. spectrophotometer at 
570 mu against distilled water. The nitrogen values were calcu- 
lated on the basis of standard samples of analytically pure a- 
aminobutyric acid which were digested and treated in exactly 
the same manner and which were run with each determination. 

Ion Exchange Chromatography—Amino acids and amino sugars 
were determined quantitatively by the ion exchange chromatog- 
raphy method of Spackman, Moore, and Stein as modified by 
Kimmel and Smith (27). 


Carbohydrate Composition of y-Globulin 


In order to interpret results obtained with isolated glycopep- 
tides, it was necessary to ascertain the nature and quantity of 
carbohydrate components present in the starting material by 
more precise methods than those used earlier. All studies were 
performed with a human y-globulin, Fraction II-1,2 (28). It 
may be noted that the same preparation of this protein has 
served for studies of amino acid composition (2), free amino 
groups (29), and immunological (30) and electrophoretic (30) 
properties. For analytical purposes, the value of 160,000 is 
taken as the molecular weight of the y-globulin monomer. 

A sample of 100 mg of y-globulin was treated with 10 ml of 
Dowex 50-X2 (200 to 400 mesh) in the hydrogen cycle and 25 
ml of water in a sealed, evacuated tube at 105° for 66 hours. 
The hydrolysate was filtered and evaporated to dryness in an 
evacuated desiccator over NaOH and concentrated HeSO,. The 
material was then dissolved in water and chromatographed with 
Solvent 2. The chromatogram was developed with Reagent I. 
The only spots present were those due to galactose, mannose, 
and fucose. Estimation of the relative quantity of galactose 
and mannose were made with the Analytrol. The results of 
such determinations indicated a ratio of galactose to mannose 
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of 3 to 5 based on comparison with known quantities of these 
sugars which were treated in identical fashion. 


Pentoses, uronic acids, and other hexoses could easily have — 


been detected if present. Glegg et al. (31) were able to detect 
ribose and glucuronic acid, as well as galactose, mannose, and 
fucose in reticulin by similar hydrolytic and chromatographic 
procedures. Sialic acid would not be expected to survive the 
conditions of hydrolysis, and hexosamines would remain bound 
to the Dowex 50. 

The total hexose content of y-globulin was determined by the 
orcinol-H2SO, method on duplicate 10.0 mg samples of the air. 
equilibrated y-globulin powder. When corrected for moisture 


and for fucose content (see below), and on the basis of the 3:5 © 


galactose to mannose ratio found by paper chromatography, 
these values average 57.7 + 1.6 umoles of hexose per g, equiva- 


lent to 9.2 residues of hexose per mole of y-globulin, or 0.94% © 
hexose on a weight basis. The hexose value of this preparation § 


was previously determined with a glucose standard and a different 
orcinol-H2SO,4 method (32). 


0.94% found in this study. The results, however, may be higher 
than the actual hexose value because of interference by the brown 


color formed by the relatively large amount of protein in y- — 


globulin. Thus, the present analytical value of 9.2 resudies per 
mole of protein probably represents 8 to 9 actual hexose residues. 

The hexosamine content of y-globulin was determined as 
described above. 


for 14 hours before assay. The final color readings were cor- 


rected for the nonspecific color of samples treated like the other — 
samples except for the omission of the p-dimethylaminobenzalde- — 
The average of two determinations | 
was 63.0 + 2.9 umoles per g. This corresponds to 10.1 moles 
per mole of anhydrous y-globulin, or 1.28%, calculated as acetyl _ 


hyde from the color reagent. 


hexosamine, in agreement with the 1.27% previously reported 
for this preparation (32). 
the true hexosamine content inasmuch as Boas (33) has re- 
ported that color may be contributed by substances such as 
pyrroles and indoles, either present in the sample or formed from 


hexoses or amino acids during the assay. Sialic acid may also | 
Thus, the analytical value of approxi- © 
mately 10 residues per mole probably sets an upper limit for the | 


yield a similar color (23). 


actual N-acetylglucosamine content of the protein. 

The amino groups of the hexosamine are presumably acylated 
inasmuch as N-dinitrophenylhexosamines were not detected 
after fluorodinitrobenzene treatment of either the intact 7- 


globulin (29) or the glycopeptides isolated from this protein | 
Indeed, the amino groups of naturally occurring | 
hexosamines are almost always acetylated (34) and would be | 
expected to be present in this form. The hexosamine is un- | 


(see below). 


doubtedly glucosamine inasmuch as only glucosamine could be 


detected in the glycopeptides prepared from the y-globulin (se | 


below). 
Assays for fucose, in duplicate, indicated a fucose content of 


16.1 + 0.4 wmoles per g, equivalent to 2.6 moles per mole of | 
y-globulin. This is probably higher than the true fucose value _ 


because protein usually increases the fucose color yield (22). 
Thus, the actual fucose content of y-globulin is probably more 
nearly equivalent to 2 residues per mole. 


The samples were hydrolyzed with 2 n HC]. 


This value is probably higher than . 


When the color yields given above | 
are applied to the orcinol-H»SO, method used earlier, the 3:5 | 
galactose-mannose equivalent of the previously determined 
value (2.3%) (32) becomes 0.87%, in good agreement with the | 
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The sialic acid content of y-globulin and two multiple myeloma 
proteins was determined by the direct Ehrlich method as de- 
scribed by Werner and Odin (23). The crystalline acid glyco- 
protein of Weimer et al. (24) was used as the standard; this 
protein contains 10.1% sialic acid by this method. The samples 
of y-globulin were weighed directly into matched 0.8 x 7.5-cm 
tubes and dissolved with 1.5 ml of 0.2 m NaCl. Then 0.3 ml of 
the p-dimethylaminobenzaldehyde reagent was added. The 
tubes were heated in a boiling water bath for 30 minutes, cooled, 
centrifuged, and read in a Coleman Jr. spectrophotometer at 565 
mp. The sialic acid content of each sample was estimated from 
a standard curve prepared from 0.1 to 1.0 mg of the acid glyco- 
protein per tube. The results are given in Table I. 

It is of interest that a multiple myeloma globulin (A) which 
has an electrophoretic mobility similar to that of normal y- 
globulin possesses a similar sialic acid content, approximately 1 
mole per mole of protein. In contrast, the 8-myeloma globulin 
(D) has a higher sialic acid content. It has been noted earlier 
(35) that this myeloma protein has a much higher content of 
carbohydrate than the y-myeloma proteins and that the more 
acidic isoelectric points of the B-myeloma globulins suggest the 
presence of acidic carbohydrate components. It is striking that 
at least a part of the acidic material is sialic acid. Other in- 
vestigators have also recently reported that large amounts of 
sialic acid are present in some myeloma globulins (36, 37). 

For y-globulin, the results thus indicate the presence of 8 to 9 
residues of hexose as galactose and mannose, 10 or fewer residues 
of hexosamine, presumably as N-acetylglucosamine, 2 residues of 
fucose, and 1 residue of sialic acid. Repeated efforts by various 
methods to detect hexonic acids, uronic acids, pentoses, and 
other hexoses have all failed. The above estimates indicate a 
molecular weight of the order 3500 for these materials, if present 
as a single polysaccharide component. This represents only 
about 2.2% of the weight of the protein. 


Preparation of Glycopeptides 


After a number of trials, the method finally developed involves 
hydrolysis of y-globulin by the proteolytic enzyme, papain, 
followed by isolation of the carbohydrate-containing fragments, 
referred to as glycopeptides. A representative example of the 
procedure is given below. The fractionation was followed by 
the orcinol-hexose determination and by the photometric ninhy- 
drin method. 

Step 1: Digestion with Papain—A salt-free suspension of 50 g 
of heat-denatured y-globulin in 250 ml of water was treated with 
a total of 1 g of recrystallized mercuripapain prepared from 
twice crystallized papain by the procedure of Kimmel and Smith 
Smith (38). Such papain preparations are known to be free of 
carbohydrate (39) and would not be expected to contain enzymes 
capable of hydrolyzing polysaccharides. Initially, to begin the 
digestion, there were added 175 mg of mercuripapain plus 0.25 ml 
of dimercaptopropanol and 4.7 g of disodium ethylenediamine- 
tetraacetate. Thereafter, similar additions of papain and 
dimercaptopropanol were made at 2, 8, 23, 43, and 70 hours. 
The reaction, in this case, was allowed to continue for 98 hours. 
The digest was maintained at pH 6.5 + 0.5 by the intermittent 
addition of a total of 20 ml of 1.0 n LiOH. The digestion was 
conducted in a constant temperature bath at 60° to reduce the 
possibilities of bacterial growth and to permit rapid proteolysis. 

The digestion was always continued until no further increase 
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TABLE I 


Sialic acid content of y-globulin and globulins 
from multiple myeloma patients 


| Acid gly-| acid 
Sample content | Sialic acid 
mg g/100 g 180,006. 
y-Globulin, II-1,2, 75 mg............ 1.37 0.185 .| 0.89 
Myeloma globulin D, 10 mg......... 0.77 0.78 3.75 
Myeloma globulin A, 10 mg......... 0.21 0.212 1.02 


in ninhydrin color could be observed. This usually took approxi- 
mately 48 hours, although most of the hydrolysis was complete 
in4to6hours. The final ninhydrin assay value indicated approx- 
imately 5 mmoles of amino groups per g of y-globulin; this cor- 
responds to the hydrolysis of about half of the total peptide 
bonds. At the end of the digestion, there remained a yellow- 
gray precipitate which contained only about 1.5 to 2.0% of the 
original hexose. The clear supernatant solution was collected 
by centrifugation in the cold. 

Step 2: Dowex 50 Treatment—The solution from the papain 
digestion was treated at 5° with 300 ml of well washed Dowex 
50-X8 (20 to 50 mesh) in the hydrogen cycle. The eluate from 
the resin, which had a pH of about 2, was immediately neutral- 
ized with 1.0 n LiOH. The eluate from a typical treatment 
contained 72% of the hexose but only 1.6% of the free amino 
groups applied to the resin. The major portion of the carbo- 
hydrate was not bound by the resin and emerged at the column 
volume presumably because the glycopeptides were too large to 
penetrate the mesh of the resin. Clearly, the resin is very ef- 
fective in removing free amino acids and small peptides. 

Step 3: Ethanol Precipitation—Preliminary experiments indi- 
cated that precipitation of the glycopeptides with about 90% 
ethanol yielded 90% of the hexose, but only 40% of the free 
amino groups. Such tests are shown in Fig. 1. The precipita- 
tion was performed by adding the glycopeptide solution to 9 
volumes of absolute ethanol to avoid formation of a gum. The 
precipitate was collected by centrifugation and dissolved in 
water. The solution was filtered and the glycopeptides repre- 


cipitated in the same manner. This procedure was repeated two 
100 T + T 
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a be 
uJ 
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S 40h 
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95. 100 
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Fig. 1. Effect of ethanol concentration on precipitation of 
hexose (orcinol-reactive material) and free amino groups (nin- 
hydrin-reactive material). 
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or three times. LiCl in ethanol was used, when necessary, to 
aid in flocculation of the precipitate. 

The precipitates were washed with cold absolute ethanol and 
cold anhydrous ether, and then dried in an evacuated desiccator 
over P.O; and NaOH pellets. A typical 3-fold precipitation 
yielded 84% of the hexose, 18% of the free amino groups, and 
20% of the solids which were used for this step of the procedure. 
The carbohydrate-containing fragments prepared in this manner 
will be referred to as mixed glycopeptides. 

Step 4: Zone Electrophoresis—Paper electrophoresis was used 
to study the purity of the mixed glycopeptides and to determine 
suitable conditions for purification by starch column electro- 
phoresis. Two paper electrophoresis systems were used. One 
system consisted of a covered glass aquarium in which paper 
sheets or strips 57.5 cm long were used. The other system was 
the Spinco model R paper electrophoresis unit. The best resolu- 
tion was obtained with 0.05 m Veronal sodium buffer at pH 8.5, 
although similar electrophoretic patterns were obtained with 0.1 
w Veronal buffer at pH 8.5, with 0.05 n borate buffer at pH 9.2, 
and with 0.1 N sodium phosphate buffer at pH 6.8. 

Electrophoresis was performed on 1-mg samples of the mixed 
glycopeptide dissolved in 0.01 ml of water and applied in narrow 
bands across the 3-cm width of the paper strips with the Spinco 
sample applicator. Good resolution was obtained with 1.5 ma 
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Fic. 2. Electrophoresis on paper of the mixed glycopeptides. 

The Analytrol tracings of the color produced by the a-naphthol 


reagent and by the ninhydrin reagent were made on glass fiber 
papers run simultaneously. 
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Fic. 3. Elution pattern obtained after separation of glyco- 
peptides by starch electrophoresis. Effluent fractions were 0.5 
ml each. The absolute recoveries of hexose in percentages are 
shown for each group of fractions between the vertical lines. 
Pools of Glycopeptides 1, 2, and 3 were made as shown by the solid 
bars to avoid overlapping fractions as much as possible. 
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per strip and 450 volts at 5° for 24 hours in the aquarium system | 


and with 0.6 ma per strip and 130 volts at 5° for 24 hours in the 


Spinco apparatus. The components were detected with either, — 
The most useful ninhydrin ~ 
reagent contained 0.025% (weight per volume) ninhydrin ing © 
solution containing 80 ml of isopropanol, 10 ml of acetic acid, | 


ninhydrin or a-naphthol reagent. 


and 10 ml of pyridine. The dried electrophoresis strips were 
dipped in the reagent and heated in an oven at 105° for 5 minutes, 
The glycopeptides were easily detected on glass fiber filter 


paper (Hulbert Paper Company, H. Reeve Angel and Company, | 
934AH) with an a-naphthol reagent containing 0.5 g of a-naph. | 
thol, 20 ml of concerftrated H2SO,, and 480 ml of absolute etha- — 
The dried strips were dipped in the reagent, heated at 
105° for 5 minutes on a glass plate, and placed between two | 


nol. 


strips of 2-inch-wide Scotch tape. The electrophoresis strips were 
analyzed with the Spinco Analytrol with a Wratten filter No. 58 
(peak transmission at 530 my). 


Analytrol tracings of separate ninhydrin- and a-naphthol- © 
treated strips of glass fiber paper, superimposed for comparison, — 
It is evident that both color reagents — 
showed three major peaks in the same relative positions. The 


are shown in Fig. 2. 


close correlation of the two tracings indicates that the mixed 


glycopeptide comprises at least three major components, each 


containing both carbohydrate and free amino groups. 


The conditions of paper electrophoresis were then duplicated ; 
as closely as possible in starch column electrophoresis. The — 
design and operation of the starch column were similar to that — 


; 


described by Flodin and Porath (40). 
48 cm long and 3 cm in diameter. 


The column of starch was 
The preparation of the col- © 


umn and its operation, as used in this laboratory, are fully © 


described elsewhere (41). 


A freshly poured column had a flow 


rate of about 12 ml per hour, but after the column was allowed to _ 


stand for several days, the flow rate decreased to about 3 ml per © 
hour. No hexose could be detected when 1 ml of the column — 
eluate was assayed by the orcinol method. Thus, electrophoresis — 
of the glycopeptides could be run on such starch columns without © 
contamination from the starch. . 

The same starch column could be used, after appropriate | 
washing with buffer, for many runs. The maximal amount of | 
sample which could be adequately resolved in a single run was — 


approximately 200 mg. The sample was dissolved in 0.4 ml of © 


buffer, applied to the starch column, and washed in with two 0.2 — 
ml portions of buffer. A properly applied sample formed 4 — 
visible, uniform light brown band about 2 mm thick and about 2 
mm down from the top of the starch. The electrophoresis was _ 
performed at 5° with a potential of 450 volts. The current was | 
14 ma initially, but it dropped to 11 ma as soon as temperature | 
equilibrium was attained. Adequate resolution was usually | 
obtained in 48 hours. The positive power lead was connected to _ 
the bottom electrode so that the negatively charged glycopeptides ~ 
would migrate into the starch. : 

After electrophoresis, the column was placed over a Technicon | 
fraction collector and approximately 300 fractions of 0.5 ml were _ 
collected by displacement from the column with the buffer used _ 
for the electrophoresis. Aliquots of 0.1 ml of every fifth tube — 
were run with the photometric orcinol and ninhydrin tests. A_ 
representative elution diagram is shown in Fig. 3. : 

As in the case of the trials by the paper strip method, the 
results of the color tests indicate that the mixture is composed of 
at least three major components which contain both carbohydrate ~ 
and free amino groups. These components, referred to 3&7 
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TABLE II 
Yield of glycopeptides in fractionation procedure 
Yields are estimated from the recovery of hexose as estimated 
by the orcinol method. No corrections have been made for loss 
of material removed in samples. 
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se Prod ite. | 
% 40 
1 Papain digestion 98 98 
2 Resin treatment 72 71 
3 Ethanol precipitation 84 60 
4 Zone electrophoresis 90* 54f 


* Material recovered in the three major glycopeptides. 

t In making cuts to obtain each glycopeptide free of the others, 
approximately half of the material was excluded; however, such 
material could be recovered in large part by pooling and resub- 
mitting to the column electrophoretic procedure. 


Glycopeptides 1, 2, and 3 were recovered from the pooled frac- 
tions, indicated in Fig. 3, by precipitation with 90 to 95% ethanol 
as in Step 3. The precipitates were washed with cold absolute 
ethanol and ether, and dried in an evacuated desiccator over 
P.O; and NaOH pellets. 

A typical electrophoresis run yielded 18, 42, and 12 mg of 
purified Glycopeptides 1, 2, and 3, respectively, from 200 mg of 
starting material. Ordinarily, 100% of the hexose applied to the 
column was eluted and about 90% was recovered in the three 
major glycopeptides. The main loss in weight is due to removal 
of peptide material which does not contain carbohydrate. Rep- 
resentative yield figures for the over-all procedure are summa- 
rized in Table II. 


Characterization of Glycopeptides 


Preliminary studies were performed on the more plentiful 
mixed glycopeptides before studying the purified glycopeptides. 
To allow as many determinations as possible, stock solutions were 
prepared from 50, 50, and 25 mg each of Glycopeptides 1, 2, and 
3, respectively. These preparations each represented pools of 
material obtained from several electrophoretic runs on the starch 
column. Evaluation of the concentration of material in stock 
solutions used for physical and chemical analyses were based on 
micro-Kjeldahl nitrogen determinations. The N content of 
dried samples was determined by Dr. A. Elek (Elek Microanalyt- 
ical Laboratories) by the Dumas method and are given for the 
anhydrous material (Table III). Other properties of the glyco- 
peptides are also given in Table I. 

The electrophoretic mobility of Glycopeptide 2 was estimated 
in two different buffers at 0.1 ionic strength, Veronal at pH 8.5 
and acetate at pH 5.0. These measurements were performed 
with the Spinco model R apparatus with human serum albumin 
and y-globulin run simultaneously for mobility comparisons. 
At both pH values, the glycopeptide migrated as a symmetrical 
peak, as judged after staining with the ninhydrin reagent. 

The absorption spectra were determined at pH 7.5 with a 
Beckman model DU spectrophotometer. The spectra were 
identical in shape and characteristic of those for tyrosine. The 
absorption spectra were also determined at pH 13 and at pH 2. 
As shown for Glycopeptide 1 in Fig. 4, the changes in the position 
of the curve and in the relative absorbancy are characteristic of 
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below, only one residue of tyrosine per mole is present and 
tryptophan is absent from the glycopeptide. 

Optical rotation was measured with a Rudolph polarimeter 
(model 118). 

Carbohydrate Composition—Samples of the mixed glycopeptide 
and of Glycopeptide 1 were hydrolyzed for 22 hours in 0.25 n 
H2SO, in sealed, evacuated tubes at 105°. After hydrolysis, the 
solutions were neutralized with an excess of BaCOs;, and the 
precipitates were removed by filtration through a sintered glass 
funnel. The clear solutions were concentrated to dryness on a 
rotary evaporator under reduced pressure. The residues were 
dissolved in water and analyzed by paper chromatography with 
Solvent 1 with the aid of the “multiple development technique” 
(8). The chromatogram was developed with Reagent II and 
analyzed with the Spinco Analytrol. 

For both preparations, galactose, mannose, and fucose were 
present in ratios of approximately 3:5:2. Hexosamine was 
present but was not estimated. No other sugars could be de- 
tected on these or on similar chromatograms sprayed with Re- 
agent II or with Reagent IV. 

Hexoses and fucose were estimated quantitatively as described 
for intact y-globulin on samples of the three glycopeptides. The 
hexose values were corrected for the fucose content and calculated 
on the basis of the estimated 3:5 ratio of galactose to mannose. 
The fucose values were corrected for the hexose interference as 
noted earlier. 

Hydrolysis for estimation of amino acids and hexosamine was 
performed for 20 hours with samples of about 10 mg of each 
glycopeptide with 5 ml of 6 n HCl in an atmosphere of SO, (42) 
in sealed tubes at 105°. Hydrolysates were processed in the 
usual fashion and dissolved in pH 2.2 citrate buffer for applica- 
tion to the ion exchange columns. The analytical results are 
given in Table IV. 


TaBLeE III 
Properties of glycopeptides 
Determination 
Electrophoretic mobility Absorb- 
D 

pH 5.0 (1% in water) | 275'my 

1 6.29 —19.9 + 0.8 390 

2 6.88 —3.4* —1.2* —21.0 + 0.2 460 
3 7.94 —24.0 + 0.5 840 


ABSORBANCY 


260 280 
WAVELENGTH ~ mp 


Fig. 4. Absorption spectrum of Glycopeptide 1 (1.59 mg per 
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tyrosine with an unsubstituted phenolic group. As indicated ml) at pH 2 and pH 13. 
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TaBLe IV glycopeptides with 0.25 n HSO,. Inasmuch as this treatment 


Composition of glycopeptides 


Analytical figures given are uncorrected for possible hydrolytic 
destruction and are given for the anhydrous material. Values 
for glucosamine are calculated for the N-acetylated derivative. 


might destroy hexuronic acids, if present, samples were analyzed | | 
with the carbazole reagent of Dische (25). No significant | 
amount of hexuronic acid could be found. 

Tryptophan could not be detected by the method of Spies and 


Glycopeptide 1 Glycopeptide 2 Glycopeptide 3 Chambers (43). 

The amino acid composition, as estimated by ion exchange 

'Resi- Resi- . chromatography, is reported in Table IV. It should be noted 

sidue des that no correction factors for possible destruction of carbohydrate 

290 or amino acid constituents of the three glycopeptides have been 

aS SOE bcos applied to any of the figures given in Table IV. 

Reiees.. 23.5.5 1.50 [24.37.3 1.81 |29.3'7.6 2.80 | 45.3) 7.8 To obtain an estimate of the size and purity of the three glyco- 

Glucosamine ..... 1.24 [25.116.0 |1.43 29.16.0 |1.11 | 22.5| 3.1 peptides, it is necessary to assess the stoichiometric relationships 
eae TS 1.41 | 6.02.0 0.50 | 7.42.1 0.71 | 10.4 2.0 — of the figures obtained. Clearly, for the amino acids listed in : 
Sialic acid. ...... 0.21 | 7.01.0 0.14 | 4.50.6 0.071) 2.4.0.2 Table IV, only glutamic acid, aspartic acid, and tyrosine appear : 

Aspartic acid. .... 0.44 | 5.12.1 0.43 | 5.01.8 0.65 | 7.51.8 — to be present in whole number relationship to each other and to 
Glutamic acid. ...\0.69 | 8.93.3 0.56 | 7.32.4 0.32 | 4.1/0.9 carbohydrate components. The ratio of galactose to man- | 
Tyrosine. peace pee 0.19 | 3.10.910.23 | 3.7:0.95,0.39 6.4, 1.1 nose to fucose residues, 3:5:2, found for the whole y-globulin and ] 
Phenylalanine....|0.097) 1.40.47,0.09 | 1.30.380.12 | 1.7) 0.3 than 2 

Threonine........ 0.056| 0.6/0.27/0.018| 0.210.0810.04 | 0.4/0.1. cach ¢ 
0.093 0.80.45 0.051] 0.4/0.22'0.07 | 0.6, 0.2 fucose residues can be present in each glycopeptide. Approx 
ee 0.050 0.50.240.072| 0.70.30 mate molecular weights may be calculated on the basis of the — " 
Ditien 0.029 0.20. 140.022) 0.10.09 content of 2 fucose residues as 4800, 4200, and 2800 for Glyco |; 
0.14! 1.80.4 peptides 1, 2, and 3, respectively. Clearly, this indicates that 
| | amino acids listed below tyrosine in Table IV must be presentas |, 

Total 83.0. 89.0 103.1 impurities. Indeed, analysis of another preparation of Glyco- © 
ayer : peptide 2 gave similar values for the sugar components and for _ 
Estimated molecular weights were obtained by averaging the 4 .,artic acid, glutamic acid, and tyrosine but different values 

calculated values for best fit of whole numbers of residues. Those Sor the other amino Additional which 
figures which gave calculated molecular weights in excess of 
10,000, 11,000, and 7,000 for Glycopeptides 1, 2, and 3, respectively, that these other amino acids —s resent in peptide impurities BE ca 
were excluded from the calculation. The basis for this is dis- given below. The amino acids which are present in nonsto- —_—y 
cussed in the text. chiometric relationship amount to only 3.5%, 2.5%, and 4.5% of 
: the weight of the respective glycopeptides. ee 


Application of correction factors for losses of the amino acids — 
present in the three glycopeptides appears to be unnecessary, ta 
inasmuch as such losses are small and the glutamic and aspartic _ de 
acids and tyrosine are present in whole number ratios within E ph 


Analysis of the effluent fractions with the ninhydrin reagent 
indicated the presence of only one hexosamine component which 
emerged at the expected position for glucosamine. No peak was 
found where galactosamine would be expected. The presence of 


glucosamine was verified by analysis of aliquots of the eluted 10%. For all three glycopeptides, the results indicate the Fhe 
fractions, in which it was presumed to be present, by the p- covery of 7.3 to 7.8 hexose residues. Inasmuch as a ratio of pes 
dimethylaminobenzaldehyde method. The amount of hexosa- galactose to mannose residues of 3:5 was found in all cases, it anc 


seems likely that these values represent the true content of these; ao), 
materials. Boas (33) has noted that losses of glucosamine could | on 
amount to as much as 20% for the hydrolytic conditions which! yey 
we have used. If our results are corrected for such a loss, the) joy 
values for the glucosamine content of Glycopeptides 1, 2, and3 | T 


mine estimated by the ninhydrin and the p-dimethylaminobenz- 
aldehyde method agreed within expected limits. 

Further proof of the identity of the hexosamine as glucosamine 
was obtained by chromatography with Solvent 1 and detection 
with Reagent V. The only spot reacting with the reagent mi- 


grated with the same R, as glucosamine and was clearly separated become 7.6, 7.8, and 3.9 residues, respectively F or the present,| = ly 
from the controls of galactosamine. Moreover, two distinct it seems that values of 8, 8, and 4 glucosamine residues represent | cart 
spots were obtained when the unknown was mixed with galactos- the best estimates of the content in the gly copeptides. tion 
amine, but only one when the unknown was mixed with glucosa- On the basis of the above figures and the data in Table W, chro 
mine. present evaluation of the composition of the three glycopeptides | - dica 

The sialic acid content was estimated by analysis of samples #8 given in Table V. The calculated molecular weights are also ~ pept 
with the photometric orcinol-HCl method (23). The results given in the table. SO ee acid, 
are included in Table IV. The absorption spectra of the colored Accurate determinations of the physical molecular weight fF resul 
products, determined with a Beckman model DU spectrophotom- the gly copeptides have not y et been made. However, sedimel | give 
eter, were identical with those reported for crystalline sialic acid tation studies in the synthetic boundary cell indicate that» Pp 
by Werner and Odin (23). The sialic acid was identified by is in the neighbor hood of 0.6 S for the mixed gly copeptides and hydri 
chromatography with Solvent 1 after treatment of the glyco- that heavier material was absent. Preliminary studies" of the forme 
peptides at 100° with HCl at pH 2 for 1 hour. Detection was mixed gly copeptides ve also performed by the approach to _— ‘Treate 
accomplished with Reagent VI. The sialic acid migrated with Sedimentation equilibrium method, as described by Schachman — Bho 
the N-acetylneuraminic acid component of bovine sialic acid. (44). These results indicated average values in the neighborhood { adjus 
Free sialic acid could not be detected before the HCl treatment. 1 We are indebted to Mr. Douglas M. Brown for performing! — 


Hexuronic acids could not be detected after hydrolysis of the these measurements. 


f 
\ 
| 
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of 3000 molecular weight. Inasmuch as the glycopeptide prep- 
arations contain small peptides as impurities, these results are 
reasonably consistent with the values estimated from the analy- 


ses. 
Peptide Structure 


End Group Analysis—Amino end groups were determined by 
the fluorodinitrobenzene method of Sanger (45). Ether-soluble 
derivatives were separated and identified on buffered Celite 
columns (46). Water-soluble derivatives were identified by 
paper chromatography with Solvent 3. 

The dinitrophenylation was performed with the aid of a Radi- 
ometer pH-stat at pH 7.0 + 0.1 with trimethylamine as the base. 
Hydrolysis of the dinitrophenyl derivatives of the glycopeptides 
was performed with 6 Nn HCl at 105° for 24 hours in sealed, evac- 
uated tubes. Other procedures used were essentially those 
previously described from this laboratory (46). The results are 
summarized in Table VI. 

Because only small quantities of material could be spared, a 
quantitative study was performed only with Glycopeptide 1. 
The recovery of dinitrophenyl] glutamic acid was 96 umoles per g. 
After correction for loss on acid hydrolysis (47), this value be- 
comes 172 pmoles per g or 0.76 residues per 4430 g, the estimated 
molecular weight of Glycopeptide 1 (Table V). 

It is noteworthy that for all three glycopeptides, only a single 
a-dinitrophenyl derivative could be detected; this indicates the 
essential homogeneity of these materials. Furthermore, O- 
dinitrophenyl-tyrosine was found, which demonstrates that in all 
eases the phenolic group of this amino acid is unsubstituted. 
Dinitrophenyl-glucosamine was not detected in accord with the 
view that the amino groups of the glucosamine residues are all 
substituted. 

Enzymic Digestion—Samples of the mixed glycopeptide were 
treated with crystalline papain to determine whether further 
degradation was possible with this enzyme. Assays with the 
photometric ninhydrin method showed that no further hydrolysis 
had occurred. Similar tests were made with crystalline porcine 
pepsin (3 times crystallized), crystalline trypsin (Worthington), 
and crystalline chymotrypsin (Worthington) under optimal 
conditions for the action of these enzymes. No significant in- 
crease in free amino groups could be detected by the ninhydrin 
method, even after incubation with each of these enzymes for 20 
hours. 

Treatment of the mixed glycopeptide, Glycopeptide 1, or 
Glycopeptide 3 with 2 to 5% by weight of 4 times recrystallized 
carboxypeptidase (48) for 16 hours at 40° resulted in the libera- 
tion of traces of amino acids which could be detected by paper 
chromatography. The main amino acids found were those in- 


__ dicated in Table IV to be present as contaminants of the glyco- 


peptides. Only insignificant amounts of aspartic acid, glutamic 
acid, or tyrosine were present on the chromatograms; these 
results indicate that carboxypeptidase has no action on the 
glycopeptides. 

Preliminary tests indicated that leucine aminopeptidase could 
hydrolyze the mixed glycopeptide. Further studies were per- 
formed as follows. A sample of Glycopeptide 3 (0.7 mg) was 
treated with 0.78 mg of the aminopeptidase (C; = 53) (41) for 
48 hours at 40° in 0.65 ml of solution containing 0.02 m MgCl, 
adjusted to pH 8.5 with ammonium hydroxide. A control 
lacking the glycopeptide was treated in the same way. Equiva- 
lent aliquots were then chromatographed with the propanol- 
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TABLE V 
Probable composition of glycopeptides 

Glutamie acid................ 3 2 1 
Aspartic acid................ 2 2 2 
1 1 1 
N-Acetylglucosamine......... 8 8 4 
3 3 3 
1 1 0 
Molecular weight............. 4430* 4300* 3010 


* These values have been computed on the basis of the above 
composition with the assumption that one acetyl is present on 
the sialic acid residue. It has also been assumed that all of the 
glucosamine is N-acetylated. 


TaBLeE VI 
DNP* derivatives obtained from glycopeptides 


Sample Ether phase Aqueous phase 


Glycopeptide 1 | DNP-glutamic 


acid 


O-DNP-tyrosine, aspar- 
tic acid, glutamic acid, 
glucosamine 


DNP-glutamiec 
acid 


Glycopeptide 2 O-DNP-tyrosine, aspar- 
tic acid, glutamic acid, 
glucosamine 

Glycopeptide 3 | DNP-aspartic acid | O-DNP-tyrosine, aspartic 
acid, glutamic acid, 
glucosamine 


* The abbreviation used is: DNP, dinitrophenyl. 


pyrophosphate system. In the experimental sample aspartic 
acid, glutamic acid, and tyrosine were found in equimolar ratio. 
In addition, similar trace amounts of other amino acids were 
found in the control and glycopeptide samples. These results 
indicate that of the four amino acid residues of Glycopeptide 3 
(Table V), only one residue of aspartic acid was not released by 
the aminopeptidase. This suggests that this is the residue at- 
tached to the carbohydrate. Indeed, since the end group studies 
show that aspartic acid is amino-terminal, the present informa- 
tion indicates the structure for Glycopeptide 3 of H.N.Asp- 
(Glu , Tyr) Asp-Carbohydrate. 

A similar study was performed with Glycopeptide 1 at a lower 
ratio of enzyme to substrate. Glycopeptide 1 (1 ml containing 
4 mg) was treated with 1 ml of aminopeptidase (1.8 mg per ml) 
(C,; = 45) in 0.06 m Tris buffer containing 0.002 m MgCl, for 24 
hours at 40°. The solution was treated by fractional dialysis 
(49) through 20/32 cellulose casing (1 hour x 4). The dialysate 
(expected to contain all the free amino acids and most of the 
glycopeptide) was concentrated in a vacuum and redialyzed 
through 23/32 cellulose casing (5 minutes x 6). The second 
dialysate would be expected to contain 98% of the amino acids 
but only about 10% of the glycopeptide. This dialysate (with- 
out further treatment) was analyzed by column chromatography. 
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Cc 


36 


~—- 

= 


Chromatographic Distance ~ cm 


origin 


0 6 
Distance ~ cm. 

Fria. 5. Two-dimensional separation by electrophoresis in pyri- 

dine-acetate buffer at pH 6.4 and by chromatography in butanol- 

acetic acid-water of mixed glycopeptide which has been treated 

consecutively with leucine aminopeptidase and carboxypeptidase. 

The fractions marked 1, 2, 3 and 4 were cut out as shown, eluted, 


and analyzed. 


l2 6 


The results indicated a molar ratio of 1.00 asparagine to 1.97 
glutamic acid to 0.67 tyrosine. - 
The solution from inside the 23/32 casing, expected to contain 

the glycopeptide, was hydrolyzed with 6 N HCl at 105° for 24 
hours and analyzed for amino acids. The results gave a molar 
ratio of glutamic acid to tyrosine of 1.0:0.40. Unfortunately, 
the effluent fractions containing aspartic acid were lost through a 
failure of the fraction collector; however, an aliquot examined by 
paper chromatography showed clearly that aspartic and glutamic 
acids were present in equal amount. 

This study indicates that the aminopeptidase liberated 1 
residue of asparagine, 2 residues of glutamic acid and only a part 
of the tyrosine. Inasmuch as a glutamy] residue is amino ter- 
minal the results indicate for Glycopeptide 1 the partial sequence, 
Glu(Glu , Asp-NH2)Tyr(Glu, Asp , Carbohydrate). 

The results obtained with Glycopeptide 3 indicate that an 
aspartic acid residue provides the link between the protein and 
the polysaccharide moiety of y-globulin. Although the results 
with Glycopeptide 1 are consistent with this finding, they do not 
decide between a glutamyl or an aspartyl residue. 

In order to obtain more definitive identification of the residue 
linked to the carbohydrate, further experiments were performed 
with the mixed glycopeptide, available in larger quantities than 
the individual components. This material was treated exhaus- 
tively, first with the aminopeptidase, and then with carboxypep- 
tidase to destroy peptide impurities known to be present. A 
100 mg sample of mixed glycopeptide was treated for 45 hours 
at 40° with 8.8 mg of aminopeptidase (C; = 40) in 0.02 m Tris 
buffer at pH 8.5 containing 0.005 m MgCle. The ninhydrin as- 
say value increased from 59 uwmoles per ml to 128 umoles per ml 
in leucine equivalents. The mixture was then adjusted to pH 
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7.5 with acetic acid and treated with 13.9 mg of 4 times re- 
crystallized carboxypeptidase for 45 hours. 

Aliquots of the above digest were then subjected to two-di- 
mensional electrophoresis-chromatography on paper (50). The 
electrophoresis was performed at pH 6.4 (100 ml of pyridine and 
3.5 ml of acetic acid in 1 liter of water) on Whatman No. 3 MM 
paper at about 10 volts per cm for 3 hours. After the paper was 
dried, it was subjected to chromatography in Solvent 4. The 
chromatograms were sprayed with 0.025% ninhydrin in ethanol | 


and allowed to develop at room temperature. The pattern is [ 


shown in Fig. 5. 


The two-dimensional separation showed that the expected ; 


free amino acids from the glycopeptides were liberated. In 
addition some amino acids were obviously derived from the 


peptide impurities. There were four spots which were not ( 
identical with known amino acids. These have been numbered — 


for ready identification. Fraction 1 was neutral and Fractions — 


2, 3, and 4 were basic. This is in contrast to the untreated © 
Glycopeptides 1, 2, and 3, all of which are clearly acidic in char- 
acter. The four fractions were cut out, washed with acetone to 
remove ninhydrin, and then eluted with water. These fractions 
were evaporated to dryness in a vacuum desiccator, and then E 
hydrolyzed with 6 N HCl under standard conditions. The | 
fractions were then prepared in the usual manner and examined | 
after chromatography in Solvent 3. The results are given in — 
Table VII. 

In the case of Fraction 4, insufficient material was available 


for clear-cut evaluation of the results. With the hydrolysate of 


4 


Fraction 1, aspartic acid and glutamic acid were present in equal — 
amount, tyrosine was absent, and a large amount of glucosamine — 
was present. Fractions 2 and 3 gave substantial amounts of | 
aspartic acid, no tyrosine, and only barely detectable traces of © 
glutamic acid. Fraction 2 showed much more glucosamine than © 
did Fraction 3. 7 
Clearly, the results with Fractions 2 and 3 substantiate the © 
findings given for Glycopeptide 3, namely, that the carbohydrate © 
must be linked to an aspartic acid residue since no other amino , 
acid is present in these polysaccharide-containing fractions in — 
significant amount. The fact that Fraction 2 contains relatively _ 
more glucosamine than Fraction 3 suggests that the former may > 
be derived from Glycopeptides 1 and 2 and that the latter is ob- 
tained from Glycopeptide 3 which is known to contain half the 
amount of hexosamine as the others (Table V). J 
In addition, Fraction 1 was apparently incompletely digested. | 
Its equimolar content of aspartic and glutamic acids suggests that | 
the sequence at the carbohydrate-containing end of the glycopep- | 
tides is:... Glu. Asp. Carbohydrate, in accord with the results | 
reported above for Glycopeptide 1. : 


TaBLE VII 
Composition of fractions obtained after digestion with 


aminopeptidase and carboxypeptidase 

Fraction ; 

Component 

2 

Aspartic acid.......... 3+ 2+ 3+ | Trace 
Glutamic acid......... 3+ Trace | Trace | Trace : 
Tyrosine. . ......5..... None None | None | None — 
Glucosamine........... Very strong | 3+ 2+ | Trace — 
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DISCUSSION 


Taken together, the results of the studies presented above 
indicate the following partial sequences: Glycopeptide 1, H.N- 
Glu(Glu , Asp-NH2)Tyr(Glu, Asp)Carbohydrate; Glycopeptide 
2, H.N-Glu(Asp, Tyr,Glu, Asp)Carbohydrate; Glycopeptide 3 
H.N-Asp(Tyr,Glu)Asp.Carbohydrate; mixed glycopeptide, 
_.. Glu. Asp. Carbohydrate. 

It should be emphasized that all three purified glycopeptides 
contain essentially the same amino acids, Glycopeptide 3 being 
the smallest and the others containing 1 or 2 more residues of 
glutamic acid, respectively (Table V). This, as well as other 
evidence, suggests that all three glycopeptides are derived from 
the same structure in the protein. Some of the relevant findings 
may be summarized briefly. (a) y-Globulin contains approxi- 
mately 8 hexose residues and the same amounts are found in each 
of the three glycopeptides. (6b) y-Globulin contains approxi- 
mately 2 residues of fucose and each glycopeptide contains 2 
residues of fucose. (c) Two of the glycopeptides (1 and 2) .con- 
tain twice as much glucosamine as Glycopeptide 3; this suggests 
that Glycopeptide 3 may have undergone some hydrolytic 
destruction during the preparation and isolation of these mate- 
rials. This would also explain the almost complete absence of 
sialic acid in this fraction. (d) In each instance, tyrosine cannot 
be the point of attachment of carbohydrate since the phenolic 
group is unsubstituted as judged first by the formation of O- 
dinitrophenyl-tyrosine on dinitrophenylation, second, by the 
normal shift in absorption spectra with pH shown by these 
glycopeptides, and third by its liberation with leucine aminopep- 
tidase as free tyrosine. (e) The digestion with leucine aminopep- 
tidase shows that all peptide bonds are the usual a-peptide bonds 
involving L-amino acids. For Glycopeptide 3 and the mixed 
glycopeptides, the evidence clearly indicates that only aspartic 
acid remains attached to the polysaccharide. 

From the above it may be concluded that the 3 glycopeptides 
are very similar and probably are produced by random hydrolysis 
by papain, liberating amino terminal glutamyl or asparty] resi- 
dues. Further hydrolysis by papain is inhibited, presumably by 
the proximity of the terminal free amino group in each case, and 
possibly by the presence of the large polysaccharide structure. 
The results given above permit, therefore, an assignment of the 
complete sequences of the three glycopeptides as follows: Gly- 
copeptide 1, H:N.Glu.Glu. Asp-NH2.Tyr.Glu. Asp. Carbohy- 
drate; Glycopeptide 2, H,N.Glu. Asp. Tyr. Glu. Asp. Carbohy- 
drate; Glycopeptide 3, H.N.Asp.Tyr.Glu. Asp. Carbohydrate. 

Glycopeptides 2 and 3 are each lacking one or two residues, 
respectively, at the amino terminal end of the peptide in com- 
parison with Glycopeptide 1. For the aspartyl residues not 
linked to the carbohydrate, it was apparent that for Glycopep- 
tide 1, an asparaginy] residue was liberated by the aminopepti- 
dase, whereas for Glycopeptide 3, the aminopeptidase liberated 
the amino terminal residue as aspartic acid. This suggests that 
the labile amide group may have been lost in handling along with 
part of the glucosamine and the sialic acid. For Glycopeptide 
2, no information is available as to whether the second residue 
from the amino terminal end is an amide or not. 

It is noteworthy that neither pepsin nor chymotrypsin appears 
to have any hydrolytic action at the tyrosyl residue of these pep- 
tides. Presumably, this is due to interference by the bulky 


polysaccharide moiety. 


The isolation and characterization of these glycopeptides from 
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y-globulin provide strong evidence for the view that this protein 
contains a single polysaccharide “prosthetic group’’ which is 
covalently linked to an aspartyl residue of the protein. Inas- 
much as papain can hydrolyze readily at a-carboxyl-linked pep- 
tide, amide, ester, or other bonds, but not at a B-carboxyl group 
(39), it is possible that the carbohydrate linkage is to the A- 
carboxyl group. This remains, however, to be demonstrated 
unequivocally. In addition, the problem of determining the 
nature of the attached carbohydrate residue and its linkage to the 
aspartyl groups, as well as the elucidation of the complete struc- 
ture of this complex heteropolysaccharide, remains to be done. 
These problems are currently under investigation. 

In studies from other laboratories, all of the carbohydrate 
constituents of y-globulin which we have found have been iden- 
tified in y-globulins or antibodies. To cite only some of the 
more recent studies, Hewitt (51) had concluded that galactose, 
mannose, and glucosamine were part of equine diphtheria anti- 
toxin. Fucose was detected in serum proteins by Dische and 
Osnos (52) and later found in y-globulin by Micheel et al. (53). 
Sialic acid was identified in y-globulin by Béhm et al. (54, 55). 
Winzler (56) has recently reviewed the literature on the glyco- 
protein nature of y-globulins. 

Recently, Dische eé al. (57, 58) have also been studying the 
carbohydrate of y-globulin and other serum proteins by some- 
what different methods from ours and have arrived at somewhat 
different conclusions. Their studies, available only in abstract 
form, were performed by cleaving the y-globulin with 5% KOH 
in 80% ethanol at room temperature for 48 hours or by treat- 
ment with 10% trichloroacetic acid at 90°. Their quantitative 
analyses of the carbohydrate fractions (57) were similar to but not 
completely identical with ours. More recently, Dische and 
Gabriel (58) report that the observed ratio of mannose to galac- 
tose depends on the time of extraction with trichloroacetic acid. 
They conclude that ‘“‘these findings indicate the presence of two 
glycopeptides or one highly asymmetric branched one.” 

We have no evidence at present regarding the structure of the 
polysaccharides which we have isolated; however, our studies do 
not indicate any variation in ratio of mannose to galactose. The 
isolation of Glycopeptides 1, 2, and 3 was achieved by treatment 
of the y-globulin only by proteolytic digestion followed by 
fractionation methods which would not be expected to alter the 
structure of the polysaccharides in any drastic manner. The 
only exception which should be made concerns the sialic acid, 
which is readily cleaved by mild acid treatment; however, this 
treatment does not appear to alter the rest of the structure. The 
three glycopeptides isolated by us were obtained in high yield 
and the losses appear to be consistent with those expected in 
handling during each of the several steps required for purifica- 
tion. This, as well as the fact that the galactose to mannose 
ratio is identical for intact y-globulin and the isolated peptides, 
does not provide support for the view that there is more than one 
type of polysaccharide, varying in ratio of hexoses, attached to 
the protein. 

It is very striking that in ovalbumin the simpler polysaccha- 
ride, comprised of only mannose and glucosamine (4), is also at- 
tached to an aspartyl residue (5-7). It remains for future 
investigators to ascertain whether the same situation obtains in 
other glycoproteins. 

Finally, until the present study, y-globulins and antibodies 
could be considered only as stable addition complexes of poly- 
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saccharide and protein, since no evidence was available for a 
definite covalent linkage of carbohydrate and protein and it was 
uncertain whether any true stoichiometry existed. Since the 
carbohydrate has now been shown to be covalently linked to the 
protein, this group of proteins must be regarded as true glyco- 
proteins. Human y-globulin contains many antibodies of dif- 
fering specificity. Indeed, true chemical differences in primary 
structure between antibodies and “inert y-globulins” of the 
same species have not been demonstrated (2, 59-61). Although 
Fraction II-1 ,2, the y-globulin used in this study, contains many 
antibodies (28), it is homogeneous as an antigen (2, 30) and by 
other criteria (2). The high yields of the glycopeptides and their 
apparent stoichiometric composition also suggest that the y- 
globulin is essentially homogeneous in a chemical sense. Thus, 
most of the antibodies in this preparation presumably contain 
the same polysaccharide grouping. The earlier findings of He- 
witt (51), Petermann and Pappenheimer (62), and Northrop 
(63), showing the constant association of carbohydrate with 
active equine diphtheria antitoxin, even after enzymic digestion 
to smaller units, becomes significant. 

Recently, Porter (64) has reported that rabbit y-globulin and 
antibodies can be digested with’papain and that the digest can be 
fractionated into three major chromatographic components. 
His Fractions I and II have the ability to combine with antigen. 
The major portion of the carbohydrate is in III, which has much 
of the antigenic specificity of the intact y-globulin; however, 
Fraction I contains significant amounts of carbohydrate also. 

Studies are presently in progress in our laboratory on the iso- 
lation and structure of the glycopeptides of rabbit y-globulin.” 
Our present evidence suggests that only a single polysaccharide 
prosthetic group is present in rabbit y-globulin and that this 
group probably accounts for the entire carbohydrate content of 
the protein. Further studies are needed to clarify these prob- 
lems and to elucidate the biological importance of the polysac- 
charides in y-globulins and antibodies. 


SUMMARY 


1. Study of Fraction II-1,2 of human y-globulin indicates the 
presence of 8 to 9 residues of hexose present in a molar ratio of 
galactose to mannose, 3:5, 10 or fewer residues of hexosamine, 2 
residues of fucose, and 1 residue of sialic acid. Hexonic acids, 
uronic acids, pentoses, or other hexoses are absent. 

2. The y-globulin was digested with papain and glycopeptides 
were isolated by a procedure which involves treatment with ion 
exchange resin, ethanol fractionation and electrophoresis on a 
starch column. 

3. Three glycopeptides were isolated in reasonably homogene- 
ous form. In each, polysaccharide was present as a single unit 
attached to an aspartyl residue. The amino acid sequences and 
the polysaccharide composition of each glycopeptide are as fol- 
lows: Glycopeptide 3, H:N-Asp.Tyr.Glu.Asp (galactose to 
mannose to fucose, to glucosamine, 3:5:2:4); Glycopeptide 2, 
H.N-Glu. Asp. Tyr.Glu. Asp (galactose to mannose to fucose to 
glucosamine to sialic acid, 3:5:2:8:1); Glycopeptide 1, H.N- 
Glu. Glu. Asp.-NH:2.Tyr.Glu. Asp (galactose to mannose to 
fucose to glucosamine to sialic acid, 3:5:2:8:1). 

4. Present evidence clearly indicates that Glycopeptides 1 
and 2 are derived from the same prosthetic group. Glycopeptide 


2C. Nolan and E. L. Smith, unpublished observations. 
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3, obtained in lower yield, is probably derived from the same 
group which has undergone partial degradation. 
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Since a working hypothesis for the covalent structure of bovine 
pancreatic ribonuclease has been proposed (3-5), this enzyme 
provides an appropriate subject for the investigation of those 
specific chemical features which endow the protein with en- 
zymatic activity. In this regard, Gundlach et al. (6) observed 
that ribonuclease could be inactivated by treatment with iodo- 
acetate in aqueous solution, and that the pH dependence of the 
inactivation was unusual. This finding was explained when 
determination of the amino acid residues that were alkylated 
showed that at an alkaline pH, lysine residues were carboxymeth- 
ylated, that at acid pH the thioether sulfurs of methionine resi- 
dues were alkylated, and that at pH 5.5 to 6, substitution 
occurred on the imidazole group of only one histidine residue. 
Because of the exceptional rapidity of the alkylation at pH 5.5 
to 6 of the histidine residue and because of the unexpected slug- 
gishness of the same reaction at more alkaline pH values, it 
appeared that one of the four histidine residues in ribonuclease 
is located in a unique environment which confers this unusual 
reactivity upon it (1, 2). 

Independently, Barnard and W. D. Stein (7) observed a similar 
type of reaction between bromoacetate and the enzyme, and 
have reported experiments (8) which led them to conclude that 
the histidine residue which is alkylated is the one occupying the 
119th position in the peptide chain. 

The present study was undertaken to determine whether the 
unique reactivity of one histidine residue in ribonuclease would 
persist after disruption of the tertiary structure of the molecule, 
either by cleavage of the disulfide bonds, or by exposure of the 
protein to denaturing conditions. Experiments directed toward 
the same end have been reported by Barnard and Stein (9), and a 
discussion of their results will be presented later in this paper. 


EXPERIMENTAL PROCEDURE 


Materials—Performic acid-oxidized ribonuclease was prepared 
from commercial bovine pancreatic ribonuclease, Armour and 
Company, lot 381059. Chromatographically similar prepara- 
tions of ribonuclease were used for all other experiments; iodo- 
acetic acid (The Matheson Company, Inc.), sodium borohydride 
(Metal Hydrides, Inc.), and 2’ ,3’-cyclic cytidylic acid (Schwarz 
BioResearch, Inc.) were all used without further purification. 
Iodoacetamide was recrystallized from water. Guanidinium 
chloride was prepared by treatment of the recrystallized car- 


* Preliminary reports of parts of this work have been presented 
before the meeting of the American Society of Biological Chemists 
in Chicago, Illinois, April 1960 (1) and before the 13th Annual 
Symposium in Biology, Brookhaven National Laboratories, New 
York, June 1960 (2). 


bonate with HCl. Sodium dodecyl! sulfate (du Pont) was puri- 
fied as described by Crestfield et al. (10). 
was recrystallized from ethanol-water. Reagent grade urea 
(Mallinckrodt) was used without further purification, but solu- 
tions were made up immediately before use, or stored at 4° for 
short periods of time, in order to minimize the possibility of 
carbamylation of amino groups by cyanate (11). (In the present 
experiments, homocitrulline, the product of the reaction of 
cyanate with lysine residues, was not detected in acid hydroly- 


sates of ribonuclease which had been treated with iodoacetate in é 


urea.) 


mg, and iodoacetate or iodoacetamide, 21 mg, were dissolved in 
7.0 ml of the appropriate solvent and the pH was promptly 
adjusted to the desired value with dilute NaOH. The resulting 
solution was maintained at 40° + 0.1° for the prescribed time. 


The pH after reaction usually did not deviate from the initial — 
Ten volumes of cold distilled — 
water were then added to suppress the carboxymethylation re- 
Dialysis was 


value by more than 0.2 unit. 


action by cooling and dilution of the solution. 


Piperidinium chloride 


Reaction with Iodoacetate or Iodoacetamide—Ribonuclease, 21 : 


carried out in a washed 33-inch Visking casing for 2 days at — 


4° against several changes of distilled water. 


tube in a total volume of 4.0 ml. 


supernatant solution was stored in a polyethylene bottle at —20°. 
In order to evaluate the effectiveness of dialysis for the re- 


moval of iodoacetate from the reaction mixture, 21 mg of iodo- _ 


acetate were added to a solution of an equal weight of ribonv- 
clease in 70 ml of cold distilled water and dialysis was begun 
immediately. Quantitative analysis of an acid hydrolysate of 
the protein indicated that very little reaction of iodoacetate with 
amino acid residues in the protein had occurred. Gundlach 4 
al. (6) have shown that if iodoacetate is present during acid 
hydrolysis, methionine will be carboxymethylated and the re- 
sulting sulfonium salt will decompose to yield, primarily, 5 


carboxymethylhomocysteine (12); the amount of this derivative 


detected chromatographically was less than 0.2 of a residue. 
Since detergents are known to bind quite firmly to many pro- 


teins (13), it was anticipated that simple dialysis would not — 
separate sodium dodecyl sulfate from ribonuclease completely. — 
Therefore, a 0.9- X 6-cm column of the acetate form of the anion — 


1 Chromatographic analysis of an acid hydrolysate of the com- 
bined precipitates from several experiments revealed only very 
small quantities of amino acids. Hence, the precipitates were 
not composed primarily of protein. 
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The dialyzed — 
solution was concentrated to a small volume by rotary evapora- . 
tion and transferred quantitatively to a calibrated centrifuge | 
Centrifugation separated a 
small amount of insoluble material, which was discarded.!. The | 
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exchange resin Dowex 1-X8 was used for this separation. The 
column was freshly washed with 8 m urea before application of 
the reaction mixture, in order to avoid precipitation of ribonu- 
clease during removal of the detergent. The urea was subse- 
quently removed by dialysis. 

Oxidation and Reduction of Ribonuclease—Performic acid- 
oxidized ribonuclease was prepared at 0° as described by Hirs 
(14). The lyophilized powder was dissolved in distilled water 
for reaction with iodoacetate. 

For reduction, solutions of 25 mg of ribonuclease and 1 mg of 
disodium ethylenediaminetetraacetate in 2.5 ml of water, and 25 
mg of sodium borohydride in 2.5 ml of water were mixed and held 
at 51° for 1 hour (15, 16). At the end of this time, the mixture 
was brought to pH 5.0 with 50% acetic acid, in order to decom- 
pose excess borohydride and to prevent extensive reoxidation of 
—SH groups during the subsequent removal of small molecules 
from the reaction mixture. This removal was achieved by rapid 
dialysis through a sheet of Visking dialysis membrane which had 
been stretched across the top of a 600-ml beaker filled with 
distilled water. The reaction mixture was placed in a slight 
depression in this sheet and dialyzed against two portions of 
distilled water for 2 hours at room temperature. The dialyzed 
solution was then mixed with 25 mg of iodoacetic acid, and the 
mixture was rapidly adjusted to pH 5.5. The reaction was 
allowed to proceed at 40°. 

Amino Acid Analyses—All analyses were performed with the 
use of columns of Amberlite IR-120 (17) and the automatic re- 
cording equipment of Spackman e¢ al. (18). For hydrolysis, 1.0 
ml of concentrated HCl was added to 1.0 ml of aqueous solution 
containing 3 to 5 mg of protein. The mixture was heated at 
110° for 22 hours in an evacuated, sealed tube. 

To calculate the molar ratios of amino acids, the average num- 
ber of umoles of glutamic acid and alanine found was assumed to 
be equal to 12.0 residues per molecule, in accordance with the 
known number of residues of each of these amino acids in native 
ribonuclease (19). The protein concentration of the original 
solution could also be calculated from this average, with the use 
of a molecular weight of 13,683 (19). 

When the carboxymethylsulfonium salt of methionine is sub- 
jected to acid hydrolysis, four major ninhydrin-positive decom- 
position products are obtained; namely, homoserine and its 
lactone, S-carboxymethylhomocysteine, and methionine (12). 
Therefore, the quantity of methionine found in a hydrolysate of 
an iodoacetate-treated protein does not represent unreacted 
methionine alone, since acid hydrolysis regenerates some methio- 
nine from any sulfonium salt present. Dr. N. P. Neumann? has 
developed a procedure which permits the determination of both 
the amount of sulfonium salt formed and the quantity of methio- 
nine regenerated from it. The method depends upon the fact, 
demonstrated by Gundlach e¢ al. (12), that the methionine 
sulfonium salt is not oxidized by performic acid. Hence, the 
amount of methionine sulfone in the performic acid-oxidized 
protein is equal to the amount of unreacted methionine in the 
original carboxymethylated protein. From analyses of the same 
carboxymethylated derivative before and after performic acid 
oxidation, it is possible to determine the extent to which free 
methionine is regenerated from a given quantity of the methio- 
nine sulfonium salt during acid hydrolysis. With this knowl- 


* Norbert P. Neumann, unpublished data. A similar procedure 
on been employed independently by Vithayathil and Richards 
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Fig. 1. Inactivation of ribonuclease by iodoacetate at 40° in 
8murea. Ribonuclease (0.3% solution) was treated with an equal 
weight of iodoacetate. The enzymatic activity was measured 
with cyclic cytidylic acid as substrate. 


edge, the number of residues of sulfonium salt present in a deriva- 
tive can be determined from analyses of unoxidized samples. 
For example, it has been found that a preparation containing 2.8 
residues of the sulfonium salt yields about 0.8 residue of methio- 
nine as a result of decomposition during hydrolysis. In general, 
when unoxidized iodoacetate-treated samples are analyzed, 
summation of the quantities of homoserine, homoserine lactone, 
and S-carboxymethylhomocysteine, and division of the sum by 
0.7, yields the number of residues (+ approximately 0.1 residue) 
of the methionine sulfonium salt in the derivative. 

Determination of Ribonuclease Activity and of Rate of Inactiva- 
tton—Ribonuclease activity, with 2’ ,3’-cyclic cytidylic acid as 
substrate, was determined by the titrimetric procedure of Davis 
and Allen (20), modified in these laboratories by Dr. A. M. Crest- 
field. 

To determine the rates of inactivation shown in Fig. 1, a com- 
plete reaction system was set up in each of a series of tubes. At 
a given time, the reaction in one tube was stopped by dilution 
with 25 volumes of 0.35 m NaCl. An aliquot of the diluted so- 
lution was then assayed. 

Spectrophotometric Titration of Ribonuclease—Aliquots of aque- 
ous protein solutions of known concentration were pipetted into 
5 volumes of buffer, previously prepared by adjustment of the 
pH of 0.1 m piperidinium chloride with NaOH. The resulting 
solutions were transferred to quartz cells and their absorbancies 
were read at 295 mu and 25°, with a Beckman DU spectropho- 
tometer. The same buffer which was used to dilute the protein 
solutions was employed as a blank when the absorbancy of each 
solution was determined. The absorbancy of ribonuclease solu- 
tions was observed to increase with time above pH 11.5. There- 
fore, the values reported at higher pH were obtained by extrap- 
olation to zero time of several readings taken at known times. 

The sample of imidazole-carboxymethylribonuclease used for 
the experiment illustrated in Fig. 4 was purified chromatograph- 
ically on IRC-50 by Dr. A. M. Crestfield in the manner de- 
scribed by Gundlach et al. (6). It was chromatographically 
homogeneous and was found to contain, on amino acid analysis, 
3.0 residues of histidine, 1.0 residue of carboxymethylhistidine, 
3.9 residues of methionine, and no methionine sulfonium salt. 


RESULTS 


Reactions of Iodoacetate with Oxidized Ribonuclease and Reduced 
Ribonuclease—The amino acid analysis of performic acid-oxi- 
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TABLE I 
Amino acid analyses of products of reactions of todoacetate 
with oxidized and reduced ribonucleases 
Reactions were carried out at 40° with RNase and iodoacetate 
at 3mgperml. Complete amino acid analyses were performed in 
each case. The amino acids not shown in the table were unaf- 
fected by the reaction. 


No. of amino acid residues per molecule 


Oxidized 


RNase be-| Reduced 


|ment with tate- 
A (19) ao iodoace- | treated, 
(data from! ‘te, pH 5.5 for 
(6)) 5.5 for 40 60 min 
min 


1(?)-Carboxymethylhistidine*..| 0 0.5 <0.1 | <0.1 
whe 4 3.7 0 2.4f 
0 Trace 0 1.57 
S-Carboxymethyleysteine...... 0 0 0 6.3 
Methionine sulfone. .......... wa 0 3.8 0 
ere 0 0 7.1 0 


* This is the isomer which appears just after glutamic acid in 
amino acid analysis (cf. (6)). 

+ Values are calculated according to the known decomposition 
of the sulfonium salt of methionine. See ‘‘Experimental Pro- 
cedures.”’ 

t This value has been corrected for decomposition on acid hy- 
drolysis. The uncorrected value was 6.1. 


TaBLe II 
Amino acid analyses of products of reaction of iodoacetate 
with ribonuclease in 8 M urea or 4 M guanidinium 
chloride at pH 5.6 
Reactions were carried out for 120 minutes at 40° with RNase 
and iodoacetate at 3 mg per ml. Complete amino acid analyses 
were performed in every case. The amino acids not shown in the 
table were unaffected by the reaction. 


No. of amino acid residues per molecule 


Amino acid Theory Reaction 
for | Reaction | Reaction | 4M 
RNase | in water jin 8m urea} 

A (19) 

chloride 
q 3.0 3.7 3.5 
1(?)-Carboxymethylhistidine*... 0 0.6 <0.1 | <0.1 
4 3.4 1.1 1.9 
S-Carboxymethylmethioninef.. 0 | 0.4 2.4 1.4 


* This is the isomer which appears just after glutamic acid in 


amino acid analysis (cf. (6)). 
+t Values are calculated according to the known decomposition 
of the sulfonium salt of methionine. See ‘‘Experimental Pro- 


cedure.’”’ 


dized ribonuclease was unchanged by treatment with iodoacetate 
in water at pH 5.5, as may be seen from Table I. Complete 
amino acid analyses were performed, but the data in the table are 
restricted to those amino acids of the greatest significance. No 
evidence was obtained that any amino acid residue had been 
carboxymethylated. On the other hand, ribonuclease that was 


reduced with sodium borohydride before treatment with iodo. ~ 
acetate yielded the analytical results shown in the last column of © 
Table I. Although there was no evidence for reaction with a _ 
histidine residue, the extent of the formation of the S-carboxy- — 
methylsulfonium salt of methionine (about 40%) was far greater — 
than was observed with ribonuclease A under similar conditions 
(second column, Table I). The expected reaction with —SH © 
groups to yield S-carboxymethylcysteine occurred; cystine was _ 
present as well, probably as a result of incomplete reduction of 


the disulfide bonds in water and partial reoxidation of —SH 
groups during the subsequent dialysis at pH 5. i 

Inactivation of Ribonuclease by Iodoacetate in Presence of De- 
naturing Agents—In Table II are given the results of determina- 
tions of methionine, histidine, and their carboxymethylated 
derivatives performed upon samples of ribonuclease which had 
been treated under similar conditions with iodoacetate in water, 
in 8 M urea, and in 4 M guanidinium chloride. Complete amino 
acid analyses were carried out in each case; no residues other 
than the ones shown in the table were affected by the treatment. 
These data clearly indicate that, at pH 5.5, the mechanism of 
inactivation in the presence of denaturing agents is entirely 
different from the mechanism in their absence. In urea or 
guanidinium chloride, no alkylation of histidine is observed, but 
carboxymethylation of methionine occurs quite extensively. 

In Fig. 1, the activity of ribonuclease is shown as a function of 
the time of reaction with iodoacetate in 8 M urea at 40°. The 
rates of inactivation at pH 5.5 and at pH 8.5 are nearly the same 
in this system, and both of these are the same as the rate of 
inactivation in water at pH 5.5 reported by Gundlach et al. (6). 
The time for half-inactivation in all three cases is 45 to 50 min- 
utes. However, the half-inactivation time in water at pH 8.5 is 
considerably greater, about 90 minutes (6). Thus, the rate of 


inactivation of ribonuclease by carboxymethylation is pH- — 
dependent in water, in which the reaction involves a histidine _ 
residue at pH 5.5 and lysine residues at pH 8.5. The rate — 
changes to one which is essentially independent of pH in 8M 
urea, in which methionine residues are available for alkylation at F 


all pH values. 
It can be seen from Fig. 2 that, as the urea concentration is 


increased, the rate of the carboxymethylation of methionine in- 
creases, whereas the rate of reaction with histidine decreases. 
The activity of ribonuclease as a function of the extent of the 
carboxymethylation of methionine residues is shown in Fig. 3. 
In urea or guanidinium chloride solution, the inactivation is 
directly proportional to the number of residues of methionine 
sulfonium salt formed, so long as a high concentration of dena- 
turant is employed. If, however, the concentration of urea Is 
decreased below 6 M, the experimental points (scattered points, 
lower left quadrant) no longer fall on the same curve, because 
inactivation is now a result of the carboxymethylation of the 
imidazole group of a histidine residue as well (cf. Fig. 2). The 
straight-line portion of the curve in Fig. 3 can be extrapolated to 
zero activity at a point which corresponds to the carboxymethyl- 
ation of 3 out of 4 methionine residues. When ribonuclease 


which had been half-inactivated with iodoacetate in 4 M guanl- | 


dinium chloride (Fig. 3) was chromatographed on a column of 
IRC-50, as described by Hirs et al. (21), a peak was observed in 


the ribonuclease A position. The material in this peak had the © 


same specific activity as ribonuclease A and the activity Te ~ 


covered in this peak represented 90 to 95% of that applied to the 


column. 
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3.0 


20 


Residues of Carboxymethyl histidine per molecule 
Residues of methionine sulfonium salt per molecule 


Molarity of Urea 


Fic. 2. The course of the carboxymethylation of ribonuclease 
as a function of urea concentration. Ribonuclease (0.3% solution) 
was treated with an equal weight of iodoacetate for 120 minutes 
atpH 5.5and40°. Each pointin the figure was obtained by quanti- 
tative amino acid analysis of the mixture of carboxymethylated 
proteins which resulted from the action of iodoacetate on ribo- 
nuclease in a system which differed from the others only in its 
concentration of urea. 


100 x 02M Sodium dodecy! sulfate 


e Guonidinium chloride 
Urea 


5 868 


Per cent of activity 


oO 


Per cent of methionine reacted 


Fic. 3. The activity of ribonuclease as a function of the per- 
centage of carboxymethylation of methionine. Ribonuclease 
(0.3% solution) was treated with an equal weight of iodoacetate 
at pH 5.5 and 40°. The enzymatic activity was measured with 
cyclic cytidylic acid as substrate. 


The effect of temperature was investigated in only one experi- 
ment. When carboxymethylation with iodoacetate in 8 M urea 
was carried out for 24 hours at 4°, the amount of methionine 
sulfonium salt formed was about two-thirds that obtained in 2 
hours at 40°, and no carboxymethylhistidine was detected. 
When the reaction at 4° was allowed to continue for 8 days, 
carboxymethylation of methionine was complete, but there was 
still no evidence of reaction with histidine. 

When ribonuclease was treated with iodoacetate for 2 hours in 
0.2 m sodium dodecyl sulfate solution at pH 5.5 and 40°, analysis 
of the protein isolated after removal of reagents showed that no 
amino acid residue had been carboxymethylated. Furthermore, 
the specific activity of this product was unaltered. A change in 
dielectric constant of the solvent cannot cause this effect, since 
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the product isolated after reaction with iodoacetate in 0.35 Mm 
NaCl solution was essentially the same as that isolated after simi- 
lar reaction in water. An increase in the net negative charge of 
the ribonuclease molecule, as a result of the binding of detergent 
anions, may hinder the approach of iodoacetate anions suff- 
ciently to prevent reaction. 

Spectrophotometric Titrations—The technique of spectrophoto- 
metric titration at alkaline pH to estimate the pK values of 
tyrosine residues has been applied extensively to ribonuclease. 
Shugar (22) and Tanford et al. (23) have shown that 3 of the 6 
tyrosine residues of ribonuclease ionize normally, but that the 
other 3 ionize at an abnormally high pH. This anomalous be- 
havior reverts to normal when ribonuclease is denatured by 
dissolving it in 8 M urea (24, 25) or in ethylene glycol (26). 
Hence, the titrimetric behavior of ribonuclease at high pH is 
symptomatic of its configurational state. For example, Klee 
and Richards (27) found that ribonuclease in which 95% of the 
lysine residues had been guanidinated with O-methylisourea and 
which still retained 33% of its original activity, also retained 3 
tyrosine residues which titrated abnormally. 

Taken together with data on activity, a spectrophotometric 
titration can indicate whether inactivation stems from a general 
disruption of the active conformation of the protein or from a 
local reaction near the active site, without a change in the status 
of the tyrosine residues which titrate abnormally. The spectro- 
photometric titrations shown in Fig. 4 were performed in an 
attempt to distinguish between these two types of inactivation. 

Curve II of Fig. 4 shows the titration of a sample of chromato- 
graphically purified _imidazole-carboxymethylribonuclease. 
Curve III of the figure shows the titration of the products of 
extensive carboxymethylation of ribonuclease in 8 M urea, under 
which conditions reaction occurs exclusively on the sulfur of 
methionine. Curve I shows the titration of chromatographically 
purified ribonuclease A for comparison. (The titration curve 
of commercial crystalline ribonuclease was essentially identical 
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Fic. 4. The spectrophotometric titration of ribonuclease, 
imidazole-carboxymethylribonuclease, and CH;-S-carboxymethyl 
ribonuclease. Curve IJ, Ribonuclease A. Curve II, Imidazole- 
carboxymethylribonuclease, purified by chromatography on 
IRC-50 (cf. (6)). Curve ITI, CH;-S-carboxymethylribonuclease. 
Ribonuclease (0.3% solution in 8 m urea) was treated with an 
equal weight of iodoacetate for 2 hours at pH 5.5 and 40°. The 
residual activity was 12%, and 69% of the methionine appeared 
as the sulfonium salt. No carboxymethylhistidine was present. 
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with Curve I.) Curve III is typical of ribonuclease in which all 
the tyrosine residues titrate normally, indicating that extensive 
carboxymethylation of methionine residues results in an unfold- 
ing of the protein. However, the considerable similarity be- 
tween Curves II and J in Fig. 4 indicates that carboxymethyla- 
tion of the single histidine residue reactive at pH 5.5 results in 
a modified protein in which some tyrosine residues still titrate 
abnormally and which, therefore, is probably not extensively 
unfolded. 

Reaction of Ribonuclease with Iodoacetamide—In view of the 
similar reactivities of iodoacetate and iodoacetamide toward 
—SH groups (28), it was expected that these reagents would 
also behave similarly toward the methionine and histidine resi- 
dues of ribonuclease. When the enzyme in 4 m guanidinium 
chloride solution was treated with iodoacetamide at pH 5.5, the 
extents of inactivation and of sulfonium salt formation were 
about half those observed upon reaction with iodoacetate. 
When, however, ribonuclease was treated with iodoacetamide 
in water at pH 5.5 and 40° for 4 hours, no evidence was obtained 
that histidine had been carboxymethylated, and the product 
isolated after dialysis was fully active. If iodoacetate is used 
under the same conditions, less than 10% of the original activity 
remains after 4 hours (cf. Fig. 1). The reactivities of iodoacetate 
and iodoacetamide toward a-N-acetyl-t-histidine are quite sim- 
ilar, so that the striking difference observed with ribonuclease 
cannot be ascribed to intrinsic differences in the reactivities of 
these two reagents toward imidazole. 


DISCUSSION 
Dependence of Reaction with Histidine upon Conformation of 
Ribonuclease—The results presented in this communication lead 
to the conclusion that, in native ribonuclease, the folding. of the 
molecule renders one histidine residue abnormally reactive and 


TaBLeE IIT 
Amino acid analysis of ribonuclease carboxymethylated 
with bromoacetate in 8 M urea 
The sample analyzed was provided by Dr. E. A. Barnard. For 
details of its preparation see (9). 


No. 

Dicarboxymethylhistidine.................... 0.2 
1(?)-Carboxymethylhistidine............... 0.3 
3(?)-Carboxymethylhistidine*................. 0.7 
S-Carboxymethylhomocysteine................ 1.8 


* Determined by chromatography of a hydrolysate of a per- 
formic acid-oxidized sample. 

+t The analytical value for half-cystine is high because 3(?)- 
carboxymethylhistidine is present and emerges at the same posi- 
tion as cystine in the chromatographic analysis. 
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all methionine residues abnormally unreactive toward iodoacetate 
at pH 5.5. Disruption of the three dimensional structure by 
oxidation, by reduction, or by treatment with concentrated ureg 
or guanidinium chloride reverses this state of affairs; the residues 
in the protein then become more like the free amino acids in their 
reactivities toward iodoacetate. 

This conclusion is not in agreement with a recent report of 
Barnard and Stein (9) in which they state that a single histidine 
residue in ribonuclease can be carboxymethylated by bromo- 
acetate in 8 M urea at pH 5.5 to yield an inactive derivative, 
Since Barnard and Stein determined colorimetrically only that 
histidine was lost, and not that carboxymethylhistidine or other 
substitution products were formed, it seemed possible that 
complete amino acid analysis might help to resolve this apparent 
disagreement. Dr. Barnard has been kind enough to send us 
a sample of his material and has permitted us to quote the an- 
alytical data obtained from it, some of which are given in Table 
III. The values for the amino acids not given in the table were 
those to be expected from a preparation of commercial crystalline 
ribonuclease. 

The first significant point to emerge from the data in Table 
III is that, although about 1.5 residues of histidine have been 
alkylated, the distribution of the carboxymethylated products 
is quite different from that obtained when ribonuclease is treated 
with iodoacetate in water at pH 5.5. Gundlach et al. (6) showed 
that histidine can be carboxymethylated on the imidazole ring 
to give two isomers, which were tentatively identified as the 1- or 
3-alkyl derivatives. As a result of the reaction with bromoace- 
tate, 0.3 of the missing 1.5 histidine residues is accounted for 


upon amino acid analysis as the isomer which chromatographs _ 
between glutamic acid and proline, and which is probably the | 
Another 0.2 residue appears at — 


l-carboxymethy] derivative. 
the position occupied by the imidazole dicarboxymethy] deriva- 
tive. The isomer found in largest quantity was revealed after 
performic acid oxidation of the sample had converted all the 
cystine to cysteic acid. Analysis showed the expected quantity 
of cysteic acid at the interstitial volume of the column, and 0.7 
residue of carboxymethylhistidine’ at the cystine position. The 
presence of this substance accounts for the abnormally high cys- 
tine value obtained with the unoxidized material (Table III). 


This distribution of carboxymethylated histidine derivatives is | 


similar to that which is found when a-N-acety]-.-histidine is 
treated with an excess of iodoacetate, hydrolyzed with acid, and 
chromatographed. On the other hand, when chromatographic- 
ally purified imidazole-carboxymethylribonuclease is analyzed, 
the entire single missing histidine residue is accounted for as the 
1(?)-carboxymethy] derivative. After oxidation with performic 


3 Unpublished experiments have shown that when a-N-acetyl- 
L-histidine is treated with iodoacetate under a variety of experi- 
mental conditions, the imidazole-carboxymethyl derivative which 
chromatographs at the cystine position is always formed in far 
greater quantity than the one which migrates at about the same 
rate as proline. Isolation and characterization of these deriva- 
tives is under way, and final assignment of structure must await 
these results. A study of models suggests, however, that ap- 
proach of the iodoacetate anion to the nitrogen at the 1-position 
in the imidazole ring will be hindered by the carboxylate anion of 
acetylhistidine and particularly by the neighboring a-N-acetyl 
substituent. It seems likely, therefore, that the preponderant 
isomer, which chromatographs at the cystine position, is the 3- 
carboxymethyl] derivative, whereas the one obtained from native 
ribonuclease treated with iodoacetate at pH 5.5 (which emerges 
near proline) is the 1-substituted derivative. 
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acid, none of the 3-substituted derivative appears at the cys- 
tine position.‘ It would seem, therefore, that in 8 m urea, un- 
der the conditions employed by Barnard and Stein, alkylation 
of histidine residues is relatively nonspecific, is similar to that 
observed with a-N-acetyl-t-histidine, and is different from that 
obtained by reaction with a low concentration of iodoacetate 
in water. 

A further clue to the course of the reaction of ribonuclease 
with bromoacetate in 8 M urea is furnished by the data in Table 
III. The finding in the acid hydrolysate of substantial quanti- 
ties of S-carboxymethylhomocysteine, homoserine and its lac- 
tone, and only 1.2 residues of methionine, indicates that extensive 
carboxymethylation of methionine occurred under the conditions 
used by Barnard and Stein. In fact, the amino acid analysis of 
the performic acid-oxidized material revealed no methionine 
sulfone, which proves that the alkylation of methionine was 
complete. (As was mentioned before, the sulfonium salt is 
stable to performic acid oxidation.) The 1.2 residues of free 
methionine in the hydrolysate arose from the acid-catalyzed 
decomposition of the sulfonium salt. 

The major reasons for the apparent disagreement between 
Barnard and Stein and ourselves now seem clear. Since we have 
been able consistently to carboxymethylate the methionine resi- 
dues of ribonuclease extensively in 8 m urea with no concomitant 
loss of histidine, it follows that, in this solvent, the methionine 
residues are the more reactive by far. Thus, the inactivation 
that Barnard and Stein observed with bromoacetate in urea 
under the vigorous conditions they used was probably the result 
of the complete alkylation of the four methionine residues (shown 
by the amino acid analysis) which was followed by carboxy- 
methylation of histidine at a rate slower than the rate of inacti- 
vation. These two reactions are more easily differentiated by 
the 0.016 m (0.3%) iodoacetate employed by Gundlach et al. (6) 
and by ourselves, than by the 0.31 m bromoacetate used by 
Barnard and Stein (9). 

Inactivation of Ribonuclease by Carboxymethylation of Methio- 
nine—Some recent experiments of Richards and Vithayathil (29) 
may shed light on the mechanism of the inactivation of ribo- 
nuclease by alkylation of the thioether sulfur of one or more 
methionine residues. These investigators have described the 
preparation of ribonuclease S, a fully active derivative of ribo- 
nuclease produced by the action of subtilisin. Ribonuclease S 
differs from the native enzyme only in that peptide bond 20, 
linking the alanyl and seryl residues at positions 20 and 21, has 
been cleaved. The resulting fragments, S-protein and S-peptide, 
remain tightly bound to one another even during chromatography 
in phosphate buffers, but they can be separated, with concomi- 
tant complete loss of activity, by treatment with trichloroacetic 
acid or 8 m urea (30). Vithayathil and Richards have more 
recently reported (31) that carboxymethylation of the single 
methionine residue of S-peptide with iodoacetate greatly reduces 
its capacity to bind to S-protein. 

It is reasonable to expect, therefore, that even though peptide 
bond 20 is intact, 8 M urea might disrupt the interactions which 
hold the 20-residue NH--terminal section of ribonuclease A in 
place. If iodoacetate is simultaneously present, the methionine 
residue of position 17, which is no longer shielded, can be car- 
boxymethylated rapidly. This form of the enzyme would prob- 
ably be more extensively unfolded, and hence more susceptible 
to further reaction at additional methionine residues. It is very 


‘Arthur M. Crestfield, unpublished data. 


G. R. Stark, W. H. Stein, and S. Moore 


441 


likely that this is the reason that the residual activity in a urea- 


iodoacetate reaction mixture is accounted for almost completely 
by unmodified ribonuclease, whereas the derivatives formed are 
inactive and contain an average of three carboxymethylsulfonium 
groups per molecule. It would appear, therefore, that the in- 
activation is an all-or-none phenomenon; the reaction of iodo- 
acetate with one methionine residue facilitates its reaction with 
others. 

Spectrophotometric Titrations—The results of spectrophoto- 
metric titration agree well with the view thus far formulated 
concerning the mechanisms of the inactivation of ribonuclease 
by carboxymethylation either of a single histidine residue or of 
several methionine residues. The titrimetric behavior of imid- 
azole-carboxymethylribonuclease resembles quite closely that 
of the crystalline ribonuclease from which it was prepared, which 
indicates that much of the original noncovalent structure prob- 
ably remains undisturbed. Thus it appears likely that this in- 
activation results from a direct modification of the active site. 
The titrimetric behavior of CH;-S-carboxymethylribonuclease is 
identical with that of oxidized ribonuclease or of ribonuclease 
dissolved in 8 urea or ethylene glycol; all 6 of the tyrosine 
residues titrate normally, which indicates that extensive changes 
in the original noncovalent structure have taken place. Inacti- 
vation in this case probably results not from modification at the 
active site, but rather from the stabilization of inactive, unfolded 
forms by carboxymethylation of their methionine residues. 

Characteristics of Active Site—From the investigations reported 
earlier by Gundlach et al. (6), by Barnard and Stein (7), and 
from those described in the present communication, it seems 
extremely likely that 1 of the 4 histidine residues in 
ribonuclease is at the active site, and that it is this residue which 
finds itself in a unique environment which confers upon it an 
unusual reactivity toward iodoacetate or bromoacetate. Certain 
features of this environment can be deduced from information 
now at hand. 

Of particular significance for these deductions are three items 
of negative evidence. The first is that iodoacetamide does not 
mimic the specific reaction of iodoacetate with a histidine residue 
in ribonuclease at pH 5.5. The second is that the carboxy- 
methylation of the reactive imidazole group by iodoacetate does 
not proceed as rapidly at pH 8.5 as it does at pH 5.5. The third 
is that the imidazole carboxymethyl isomer which is formed 
primarily when a-N-acetylhistidine is alkylated (probably the 
3-carboxymethy] derivative’) is not formed at all upon carboxy- 
methylation of ribonuclease at pH 5.5. Rather it is the other 
isomer exclusively (probably the 1-carboxymethy]l derivative) 
which is formed. 

Both iodoacetate and iodoacetamide doubtless react preferen- 
tially with an unprotonated nitrogen atom. For example, alkyl- 
ation of the imidazole group in a-N-acetyl-L-histidine is more 
rapid at alkaline than at neutral pH. Thus, for iodoacetate to 
react with an imidazole group in ribonuclease at pH 5.5, the 
negatively charged iodoacetate ion must be brought close to an 
unprotonated nitrogen atom by a mechanism not available to 
the neutral iodoacetamide molecule. The most logical mecha- 
nism to invoke is electrostatic attraction by one or more positively 
charged groups in the neighborhood of the reactive histidine. 
In support of this contention, it would be expected that a positive 
charge near an imidazole would lower its pK. Greenstein (32) 
found, for example, that the two imidazoles of the dipeptide 
histidylhistidine ionize with pK values of 5.60 and 6.80, and 
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concluded that the one closest to the amino terminus has the 
lower pK because of the influence of the positively charged 
—NH;* nearby. 

If the presence of a positive charge near an unprotonated 
imidazole nitrogen can explain the oriented reactivity of iodo- 
acetate at pH 5.5, failure to react at pH 8.5, at which the imid- 
azole must still be unprotonated, is most easily explained by the 
loss of the positive charge at the higher pH. The group in ribo- 
nuclease most likely to lose a positive charge around pH 8 would 
be a second imidazole. An active center which includes two 
imidazoles would be most reactive toward iodoacetate if one 
were positively charged and the other uncharged. One imida- 
zole could attract the negatively charged alkylating agent while 
the other provided the electrons to displace iodine from it. Be- 
low pH 5.5, both imidazoles would become positively charged 
and, although iodoacetate would still be bound at the active site, 
it could not react with a positively charged nitrogen. If the 
pH were raised, both imidazoles would become uncharged and, 
although the nitrogen could still be alkylated, the reaction would 
not be accelerated by an attraction of the active site for iodo- 
acetate. Possibly it is this situation which prevails when iodo- 
acetamide is the alkylating agent at pH 5.5. 

The location of the hypothetical second imidazole is not readily 
deduced. Stein and Barnard (8) have reported that the imid- 
azole which becomes alkylated by bromoacetate is the one at 
position 119, near the carboxyl end of the peptide chain. His- 
tidine residues also occur at positions 16, 48, and 105. According 
to the data presented by Vithayathil and Richards (31), it seems 
likely that carboxymethylation of the histidine at position 16 
can occur without loss in activity. In their experiments, how- 
ever, the chromatographic analyses indicated that carboxy- 
methylation had not occurred on the 1-position of the imidazole 
ring. 

It should be noted that, from the work of Klee and Richards 
(27), Hirs (33), and Stark et al. (11), it seems probable that a 
lysine residue may also form a part of the active site. This 
would bring a second positive charge into the neighborhood of 
the reactive histidine residue. It seems reasonable for several 
positive charges to be near the active site of an enzyme whose 
natural substrate is a polyanion. 


SUMMARY 


The specific reaction of iodoacetate with one histidine residue 
in ribonuclease, which is known to occur in aqueous solution at 
pH 5.5, does not take place when the enzyme is dissolved in 8 
M urea or in 4 M guanidinium chloride. If the disulfide bonds 
of the protein are cleaved by oxidation with performic acid or by 
reduction with sodium borohydride, alkylation of histidine in 
water at pH 5.5 can no longer be brought about. These results 
indicate that one of the four histidines is present in a unique 
environment which is disrupted when the conformation of the 
native enzyme is altered by any of these several means. 

The enzyme is inactivated by treatment with iodoacetate in 
urea, but the inactivation is a result of reaction with methionine, 
not histidine, residues. Methionine residues also react when 
the reduced protein is treated with iodoacetate. The amount 
of the carboxymethylsulfonium salt in each product could be 
deduced from amino acid analyses. Thus, the unfolding of the 
molecule, which destroys the special reactivity of the histidine 
residue, also renders the CH;—S groups of methionine residues 
available to the alkylating agent. 

Iodoacetamide, as distinct from iodoacetic acid, does not 
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alkylate the histidine residue in aqueous solution at pH 5,5, 
This fact leads to the suggestion that there is a positive charge 
near the crucial histidine residue in the native protein; the pH 
sensitivity of the unique alkylation suggests that the charge 
may be located on a second histidine residue close to the active 
site of the enzyme. This conclusion is discussed in the light of 
observations from several laboratories on the effects of changes _ 
in the conformation of ribonuclease on the reactivity of its 
histidine, methionine, lysine, and tyrosine residues. 
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In an attempt to establish a firm basis for the study of nucleic 
acid function in amphibian embryonic development, we have 
examined the chemical nature of the ribonucleic acids obtained 
from mature ovarian frog eggs. At least two gross fractions of 
ribonucleic acid can be isolated from these eggs. They differ in 
chemical properties from one another and from the ribonucleic 
acids of differentiated mammalian tissue. 

It is the purpose of this paper to describe the chemical proper- 
ties and general characteristics of the purified ribonucleic acids 


from frog eggs. 


EXPERIMENTAL PROCEDURE 


Extraction of Total RNA—Mature ovaries of Rana cateshieana 
were excised, suspended in 3 volumes of acetone, and homoge- 
nized in a Waring Blendor in the cold. The lipids were removed 
from the precipitate by extraction with ethanol-ether (3:1) at 
45-50°. To each 100 g of precipitate were added 200 ml of 1 
u KSCN followed by one-fourth the volume of 90% phenol (1), 
and the samples were extracted in the cold with stirring for 13 
hours. After centrifugation, the aqueous layer was removed, 
adjusted to about 0.1 m with respect to NaCl, and the total 
RNA was precipitated by the addition of 23 volumes of cold 
95% ethyl alcohol. 

Purification of Total RN A—The precipitated RNA was dis- 
solved in a small volume of water and was extracted repeatedly 
with chloroform-octanol (5:1) to remove contaminating protein 
(2). After each extraction and centrifugation, the RNA was 
precipitated from the aqueous layer by the addition of NaCl 
and ethanol. Although this procedure was repeated until no 
protein layer was evident at the interface, it was found that the 
egg preparations were still contaminated with phosphorus-con- 
taining compound(s). A simple method for precipitating the 
contaminant from the RNA proved to be the addition of MgCl: 
with stirring to a final concentration of 0.03 m. After centrifu- 
gation, spectrophotometric analysis of the precipitated material 
showed no characteristic absorption at 260 my, and analysis of 
the RN A-containing supernatant fraction revealed no significant 
loss of RNA. By this precipitation procedure, the EZ! of the 
RNA fraction was increased from 6.5 to 9.8, indicating the ef- 


* This work was supported in part from a grant (G-4820) from 
the National Science Foundation. 

t Operated by Union Carbide Nuclear Company for the United 
States Atomic Energy Commission. 
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fective removal of nonnucleic acid phosphorus. The RNA was 
then reprecipitated by the addition of NaCl and ethanol, dis- 
solved in a small quantity of water, and dialyzed against running 
distilled water for 3 hours. The samples were adjusted to a 
convenient volume, and aliquots were removed for ultraviolet 
absorbancy measurements at 10 my increments from 220 to 290 
my in a model DU Beckman spectrophotometer and for total 
phosphorus analysis (3). The total RNA preparations were 
found to contain less than 2% DNA as measured by dipheny]- 
amine and less than 5% protein as determined by the biuret 
procedure. | 

Preparation of Acid-Soluble and Acid-Insoluble RN A’s—The 
total RNA was chilled and adjusted to 0.5 m with respect to 
perchloric acid in the cold. After centrifugation, the supernatant 
fraction, containing the acid-soluble RNA, was neutralized with 
5 M KOH and the insoluble potassium perchlorate removed by 
centrifugation. The perchlems: acid-insoluble RNA was dis- 
solved in water, neutralized w.+h 5 m KOH in the cold, and any 
insoluble perchlorate removed as above. Both acid-soluble and 
acid-insoluble RNA’s were dialyzed against running distilled 
water for 3 hours. Aliquots of each were taken for spectro- 
photometric and total phosphorus analyses. Both RNA prep- 
arations were hydrolyzed in 0.1 m NaOH at 37° for 18 to 24 
hours, adjusted to pH 2 by the addition of 1 m HCl in the cold, 
and any insoluble material (small quantities of DNA in the acid- 
insoluble RNA preparations) was removed by centrifugation. 
Some preparations were hydrolyzed in 1 N alkali at the same 
temperature and for a similar length of time, and it was found 
that both methods of hydrolysis gave identical results. The 
acid-soluble and acid-insoluble RNA preparations were brought 
to concentrations of 0.05 to 0.1 m with respect to NH,OH, and 
the nucleotides were separated by column chromatography by 
the chloride elution system (4) followed by concave gradient 
elution (5). The phosphorus content of each mononucleotide 
fraction was calculated from the optical density reading at 260 
my with the appropriate extinction coefficients (6). In addi- 
tion, all column fractions were neutralized with NH,OH, evapo- 
rated to a convenient volume, and the phosphorus content was 
determined directly. In some experiments, the concentrated 
mononucleotide fractions were subjected to the action of purified 
5’-nucleotidase. 

Determination of Nucleoside 5'-Phosphate—To about 0.2 p- 
mole of mononucleotide, 10 wmoles of MgClz and 48 pmoles of 
Tris buffer pH 7.4 were added (final volume 4.0 ml). A purified 
5’-nucleotidase preparation (1.0 ml) (7), free of inorganic phos- 
phate, was added and the sample incubated for 1 hour at 37°. 
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This represents an excess of enzyme, and under these conditions, 
no hydrolysis of nucleoside 2’- or 3’-phosphates can be detected. 
A blank for each compound was prepared and treated in exactly 
the same manner, except that enzyme was omitted. At the end 
of the 1-hour period, the release of inorganic phosphate was 
measured (8) in both the blank and enzyme samples. 

Determination of Terminal Phosphorus—Aliquots for total 
phosphorus were taken from the alkali-resistant fractions ob- 
tained by concave gradient elution. Additional aliquots from 
these fractions were brought to a concentration of 0.02 m with 
respect to sodium acetate buffer pH 5.4, and each received 0.5 
ml of a purified human prostatic phosphatase preparation (9) 
which was free of phosphodiesterase activity as determined with 
bis(p-nitrophenyl) phosphate as substrate. At 0 hour, an aliquot 
of each sample and blank was taken for inorganic phosphorus 
analysis and, after incubation at 37° for 1 hour, the liberation 
of inorganic phosphorus was measured. The ratio of total phos- 
phorus to terminal phosphorus was calculated for each fraction. 

Determination of Purine Ribose—The ribose content of the 
compounds of unknown structure obtained from alkaline hy- 
drolysates from both acid-soluble and acid-insoluble RNA’s was 
determined by the method of Mejbaum (10). Since pyrimidine 
nucleotides are resistant to this procedure, the results are ex- 
pressed as purine ribose. 


RESULTS 


It has been found that from 40 to 60% of the total ovarian 
egg RNA is soluble in cold 0.5 m HC1O, and that the two fractions 
thus prepared are chemically distinct. 


Comparison of Acid-Soluble and Acid-Insoluble RN A’s 


Chromatography of Alkaline Digests—Fig. 1 shows:a typical 
elution pattern obtained from column chromatography of an 
alkaline digest of acid-soluble RNA. It can be seen that, in 
addition to the expected 2’ and 3’ mononucleotides, the alkaline 
digests also contain adenosine 5’-phosphate and uridine 5’-phos- 
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Fic. 1. Acid-soluble RNA was brought to a concentration of 
0.1 m with respect to NaOH, incubated at 37° for 18 hours, chilled, 
and adjusted to pH 2 with HCl. The hydrolysate was brought to 


0.05 to 0.1 m with respect to NH,OH, applied to a 1-em? X 15-cm 
Dowex 1-chloride column, and the compounds eluted as indicated. 
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ALKALINE OF RNA FROM MATURE OVARIAN EGGS 
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Fic. 2. Acid-insoluble RNA was treated in exactly the same 
manner as the acid-soluble preparation, except for the removal | 
by centrifugation of a precipitate which formed upon addition of | 
HCl. 


phate. Although no other nucleoside 5’-phosphates were found 
in alkaline digests of acid-soluble RNA, the 5’ isomers of adenylic © 
and uridylic acids were present in all preparations, but to at 
variable extent. It was observed that the percentage of adeno — 
sine 5’-phosphate present in the total adenylic acid of the differ. 
ent preparations varied from 6 to 42% and that the percentage — 
of uridine 5’-phosphate present in the total uridylic acid ranged — 
from 9 to 37%. It was apparent also that the amount of the 
two nucleoside 5’-phosphates varied in the same direction and, 
that the contribution of each to the different preparations was| 
approximately equivalent. To eliminate the possibility of con- 
tamination of the acid-soluble RNA preparations with naturally | 
occurring free adenosine 5’-phosphate and uridine 5’-phosphate, | 
preparations of this RNA were applied to the column before— 
alkaline hydrolysis. Under these conditions, no adenylic orf 
uridylic peaks could be eluted from the column by the chloride} 
system, a result that indicates that the nucleoside 5’-phosphates > 
are products of the alkaline hydrolysis of acid-soluble RNA orf 
of some substance not separated from the acid-soluble RNA inf 
the initial preparation or by the cold acid treatment itself. | 

Fig. 1 also indicates that acid-soluble RNA is not quantita | 
tively hydrolyzed to mononucleotides by alkali. It has been : 
found that only about 80% of acid-soluble RNA is recovered a8} 
mononucleotides; the remaining 20% is apparently resistant tof 
alkaline hydrolysis. These compounds can be isolated using | 
stronger chloride concentrations. 

Fig. 2 shows a typical elution pattern obtained from colume 1 
chromatography of an alkaline digest of acid-insoluble RNA. | f 
In contrast to the acid-soluble RNA, only the expected 2’ and} 
3’ mononucleotides can be isolated from these digests. We have 
obtained no evidence for the existence of nucleoside 5’ — j 
in these preparations. 

This figure also indicates that acid-insoluble RNA, like acid: 
soluble RNA, is not quantitatively hydrolyzed to mononucleo- 
tides by alkali. Only about 90% of the acid-insoluble RNA 87 
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2 recovered as mononucleotides; the remaining 10% is apparently 
 qesistant to such treatment. 


Mononucleotide Composition of Egg RN A’s—The mononucleo- 


; tide compositions of acid-soluble and acid-insoluble RNA’s are 
compared in Table I. It can be seen that the former RNA 
contains more adenylic and uridylic acids and less cytidylic and 


nylic acids than does acid-insoluble RNA. Although the 
acid-soluble RNA values include the nucleoside 5’-phosphates, 
there is no significant difference in the nucleotide composition 
of these RNA’s when the nucleoside 5’-phosphate contributions 


S ignored. It is apparent, then, that the presence of the nu- 


cleoside 5’-phosphates is not responsible for the differences ob- 
served between the compositions of acid-soluble and acid-in- 
The increase in uridylic acid in acid-soluble 
RNA over that found in acid-insoluble RNA is equivalent to 
the decrease in guanylic acid in the acid-soluble RNA as com- 
pared with its counterpart. In like manner, the increase in 
adenylic acid is equivalent to the decrease in cytidylic acid when 


acid-soluble and acid-insoluble RNA’s are compared. Conse- 
quently, 


(G + U) soluble = (G + U) insoluble and 
(C + A) soluble = (C + A)insoluble 


It is noteworthy also that the amount of guanylic acid in acid- 


soluble RNA equals the amount of cytidylic acid in acid-insoluble 


RNA, and the quantity of uridylic acid in acid-soluble RNA is 
approximately equivalent to the amount of adenylic acid in acid- 
insoluble RNA. 

Spectrophotometric Analysis of Unknown Compounds—Table 
II shows the 250/260 my, 280/260 my, and 290/260 my values 
at pH 2 and 10 of the peaks recovered from the ion exchange 
column after elution of the mononucleotides. Although Peaks 
5 and 6 of both acid-soluble and acid-insoluble RNA’s have 
similar absorption characteristics at pH 2, they differ consider- 
ably at pH 10. The seventh peaks of both RNA’s exhibit the 
same ratios in acid and in alkali. Peaks 8, 9, and 10 of acid- 
soluble RNA show a large increase in 280/260 mu and 290/260 
my in alkali, at property that is exhibited only slightly by Peaks 
9 and 10 of acid-insoluble RNA. 

Chemical Analyses of Unknown Compounds—Table III shows 
the results of phosphorus and purine ribose analyses of the un- 
known compounds of acid-soluble RNA. It has been found 
that Peaks 7, 10, and 11 each contain labile phosphorus, but in 
varying amounts. This is in marked contrast to the peaks of 
acid-insoluble RNA in which no indication of labile phosphorus 
has been obtained. Since the compounds containing labile 
phosphorus might be a source of the nucleoside 5’-phosphates 
in the acid-soluble RNA, as a result of acid hydrolysis when 
HCIO, is added to the total RNA fraction, it is interesting to 


i note that no correlation has been found between the concentra- 


tions of the nucleoside 5’-phosphates and either the amounts of 


: labile phosphorus or the quantity of Peaks 7, 10, and 11 recov- 
ered. 


The total-P/terminal-P values suggest that the unknown 


_ compounds lacking labile phosphorus may be primarily tri- 
i nucleotides. This ratio may have little meaning for compounds 


that contain large amounts of labile phosphorus, particularly if 
it is terminal. Therefore these compounds cannot be classified 


_ on the basis of phosphorus values alone. 


Since only purine ribose has been measured, the values of 
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TABLE 
Nucleotide composition of ovarian egg RNA’s 
Average of six determinations. 
Acid Acid-soluble RNA Acid-insoluble RNA 
% % 
Cytidylic........... 25.3 + 0.9 29.2 + 1.7 
Adenylic........... 22.8 + 1.4 18.8 + 1.0 
Uridylic............ 21.3 + 2.2 13.1 + 2.9 
Guanylic........... 30.5 + 2.2 38.8 + 2.7 
TaBLeE II 
Spectrophotometric analysis of unknown peaks 
Acid-soluble RNA Acid-insoluble RNA 
Peak pH 2* pH 10f Peak pH 2* pH 10f 
250/ | 280/ | 290/ | 250/ | 280/ | 290/ 250/ | 280/ | 290/ | 250/ | 280/ | 290/ 
260 | 260 | 260 | 260 | 260 | 260 260 | 260 | 260 | 260 | 260 
5 |0.90)0.42'0.25 5 
6 |0.84/0 85/0. 6 
7 7 0.890.44)0.230.91 0.40)0.15 
8 8 
9 1.04 0.650. 4811.04 1.26:1.38, 9 
10 0.95,0.77/0.57/0.88 1.00\1.17| 10 
11 0.86,0.39,0.17 1.02'0.38'0.20 
* Adjusted with HCl. 
t Adjusted with NaOH. 
TABLE III 
Chemical analysis of unknown compounds of acid-soluble RNA 
Calculated | Observed Total p/ |#moles total P/ 
k rs 7 Pi ] 
P P ore. te 
pmoles pmoles pmoles 
5 1.5 1.4 0- 2.3 1.2 
6 3.6 3.2 0 2.5 3.1 
7 4.3 6.0 1.5 2.9 2.1 
& 3.9 3.4 0 2.3 2.0 
9 0.9 1.1 0 3.2 1.8 
10 2.8 5.4 3.5 1.5 5.9 
11 6.3 12.0 3.9 1.3 7.1 


compounds of acid-insoluble RNA. 
no labile phosphorus has been found to be associated with any 
of these compounds. From a comparison of Tables III and IV, 
it can be observed that the phosphorus ratios of Peaks 5 and 6 
of acid-soluble RNA are almost identical with those of the cor- 
responding peaks of acid-insoluble RNA. The total-P/purine 
ribose values for Peak 5 are identical in both RNA’s and differ 
only slightly in Peak 6. Although these values indicate that 
each peak is common to both RNA’s, the differences in spectro- 


* Based on mM extinction coefficient of 10,000. 
t Adjusted to 1 m with respect to H2SO, and heated at 100° for 


7 minutes. 


pmoles of total-P/umoles of ribose indicate the relative amount 
of purines with respect to phosphorus in the nucleotides. 


Table IV contains similar analytical data for the unknown 
It is pointed out again that 
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TABLE IV 
Chemical analysis of unknown compounds of acid-insoluble RNA 
] 1P 
Peak Calculated Observed P | , Total purine 
ribose 
pumoles pmoles 
5 7.4 6.7 2.2 1.2 
6 7.0 6.8 2.3 2.6 
7 9.6 9.6 3.1 1.3 
8 2:3 1.8 2.9 
9 6.1 5.4 2.4 1.3 
10 3.2 3.2 3.7 4.2 


_* Based on mM extinction coefficient of 10,000. 


photometric ratios in alkali suggest that they may not be identi- 
eal. 

_ The principal difference between the seventh peak of~ the 
acid-soluble and acid-insoluble RNA’s is the presence in the 
former of labile phosphorus. The total-P/terminal-P and spec- 
trophotometric ratios are almost identical but the total-P/purine 
ribose values differ somewhat. 

The remaining alkali-resistant compounds show no similarities 
in any of the ratios, suggesting that the more strongly adsorbed 
compounds differ considerably in the two types of RNA. 

A noteworthy characteristic of Peaks 8, 9, and 10 of acid- 
soluble RNA and Peak 10 of acid-insoluble RNA is the marked 
increase in 280/260 and 290/260 muy ratios in alkali. 

Dialysis against 1 « NaCl—Although no nucleic acid-like ma- 
terial was lost on dialysis of the acid-soluble and acid-insoluble 
RNA’s against distilled water, it was found that the acid-soluble 
RNA is almost completely dialyzable against 1 m NaCl and 
acid-insoluble RNA is partially dialyzable under the’same con- 
ditions. Fig. 3 shows the result of such an experiment. It can 
be seen that the diffusion rate of acid-soluble RNA is greater 
than that of acid-insoluble RNA, and that at 24 hours about 
98% of the acid-soluble RNA, but only about 63% of the acid- 
insoluble RNA, is recovered in the dialysate. 

Ribonuclease Action—An apparent explanation of the differen- 
tial solubilities of ovarian egg RNA in cold 0.5 m HCIOQO, is that 
the total RNA has undergone post-mortem autolysis by tissue 
nucleases, particularly ribonuclease. In view of this possibility, 
the following experiment was performed. During the homogeni- 


DIALYSIS OF ACID-SOLUBLE AND ACID-!INSOLUBLE 
RNA AGAINST 4 NoCi 


PER CENT RECOVERED IN DIALYZATE 


—— 


TIME (hr) 

Fic. 3. Acid-soluble and acid-insoluble RNA preparations (25 
ml), each containing 1.0 mg per ml were dialyzed against 500 ml 
of 1 m NaCl with stirring at about 25°. O, acid-soluble RNA; @, 
acid-insoluble RNA. 


Amphibian Egg Ribonucleic Acids 


zation of the mature ovaries in cold acetone, 10 mg of five times 


crystallized ribonuclease (Worthington) were added to the ho. 


mogenate. The total RNA fraction was isolated and purified 
and the acid-soluble and acid-insoluble RNA’s were separated. 


It was found that the yield of acid-soluble and acid-insolubk | 
RNA was identical to that obtained in our other preparations, 
an observation that indicates that ribonuclease activity dog 


not result in the production of acid-soluble RNA during the 
isolation procedure. To check this point further, acid-insolubl 
RNA was hydrolyzed with ribonuclease and the 0.5 m HCl0, 
soluble degradation products isolated. These products wer 
hydrolyzed in alkali, and the mononucleotides were separated 
by column chromatography. It was found that the mononv. 
cleotide composition of the ribonuclease digest of this RNA ip 
no way resembled the composition of acid-soluble RNA. 

In addition we have found? that frog liver homogenates con. 
tain at least twice the ribonuclease activity of ovarian egg homog. 
enates on a dry weight basis, yet there is only a small amount of 
acid-soluble RNA present in the liver RNA fractions prepared 
in exactly the same manner. 

These observations clearly indicate that acid-soluble RNA jg 
not a ribonuclease digest of acid-insoluble RNA. 


DISCUSSION 


An alternative explanation of the differential solubilities of 
ovarian egg RNA in cold 0.5 M HCI1Q, is that the total egg RNA 
is composed of molecules that vary in size from relatively smal] 
oligonucleotides to polynucleotides. It is recognized, however, 
that acid solubility is an ill defined property, particularly when 
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attempts are made to relate it to molecular size. Nevertheless, 
the difference in the diffusion rate and in the recovery of acid- 

soluble and acid-insoluble RN A’s in 1 NaCl dialysates indicates 
that size of the molecules may be a distinguishing feature. | 
Finally, the difference in solubility in acid may well be accounted 


for by the degree of branching exhibited by the molecular species, — 


for it is known that branching of a polymer alters its solubility 
characteristics (11). 

Nucleoside 5'-Phosphates of Acid-Soluble RNA—The appear- 
ance of adenosine 5’-phosphate and uridine 5/-phosphate in 
alkaline digests of acid-soluble RNA is surprising, in view of the 
well established fact that alkali attacks the phosphodiester 
linkages of RNA so as to yield the nucleoside 2’- and 3’-phos- 
phates (12, 13). Another interesting feature of this occurrence 
is that only these particular nucleoside 5’-phosphates, and no 


others, are found in the alkaline digests. A possibility to ac- | 


count for this peculiar observation is that the RNA preparations 
contain substantial amounts of coenzymes, and that alkaline 
hydrolysis of DPN and UDP-glucose yields adenosine 5’-phos- 
phate (14) and uridine 5’-phosphate (15), respectively. How- 
ever, two lines of evidence argue strongly against this possibility. | 


First, we have observed that the acid-soluble nucleotide fractions | 
from eggs of Rana pipiens (16) and Rana catesbieana? contain 


insignificant quantities of both DPN and UDP-glucose. See- ' 


ondly, in order to determine the amount of contamination by — 
the acid-soluble free nucleotide pool in the acid-soluble RNA, } 
the following experiment was performed. A mature Rana | 
catesbieana female was treated by intraperitoneal injection with | 
0.5 mc of P® as orthophosphate, and 24 hours later the animal 
was killed, the ovary removed, and the labeled acid-soluble © 


2 Unpublished results from this laboratory. 
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fraction isolated as described previously (16). The acid-soluble 
fraction contained 1.7 X 10° c.p.m. and had a specific activity 
of 146 c.p.m. per ug of P. The labeled fraction was mixed with 
unlabeled ovaries from noninjected females, and the RNA frac- 
tions were isolated as described above. The acid-soluble RNA 
was hydrolyzed in alkali, and the mononucleotides were separated 
by column chromatography. The mononucleotide peaks were 
pooled, evaporated to a convenient volume, and counted with a 
thin end window Geiger tube. It was found that less than 0.01% 
of the counts from the labeled acid-soluble fraction were re- 
covered in the acid-soluble RNA, and these counts were not 
localized in the adenosine 5’-phosphate and uridine 5’-phosphate 
peaks, but were equally distributed throughout the mononucleo- 
tide peaks. 

In addition, all attempts, such as exhaustive dialysis against 
distilled water and column chromatography before alkaline hy- 
drolysis, failed to show the existence of these compounds in the 
free state. These results suggest that the nucleoside 5’-phos- 
phates or their precursors are present in the acid-soluble RNA 
fraction and are released as mononucleotides only after alkaline 
hydrolysis. 

Mononucleotide Composition of Acid-Soluble and Acid-Insoluble 
RNA’s—Although the mononucleotide compositions of the two 
RNA’s differ considerably, the equality between the sum of 
pairs of bases in the two RNA’s is striking. Regardless of the 
differences in over-all mononucleotide composition, the amount 
of the 6-keto bases in one type of RNA equals the amount of 
6§-keto bases in the other, and the quantity of 6-amino bases in 
each type is equivalent. 

The fact that the amount of guanylic acid in acid-soluble RNA 
equals the amount of cytidylic acid in acid-insoluble RNA, and 


_ the quantity of uridylic acid in acid-soluble RNA is approxi- 


mately equivalent to the adenylic acid in acid-insoluble RNA, 
suggests partial base pairing between the RNA’s. Supporting 
evidence for this is lacking at present, but the possibility is being 
explored currently in this laboratory. 

Alkahi-Resistant Segments of Acid-Soluble and Acid-Insoluble 


_ RNA’s—Several workers (17-20) have reported the existence of 


alkali-resistant fractions of RNA from yeast and mammalian 
tissue, but this fraction consistently represents only 5% of the 
total RNA (19). Although the rate at which mononucleotides 
are released by alkaline hydrolysis from different preparations 
of RNA, from polyadenylic acid, and from dinucleotides varies 
considerably (19), some compounds present in the alkaline hy- 


- | dtolysates of RNA are totally resistant to degradation by alkali 
_ (0). No reports of the presence of nucleoside 5’-phosphates in 
alkaline digests of these RNA preparations have been made. 


In amphibian eggs, 20% of the acid-soluble RNA and 10% 


- | ofthe acid-insoluble RNA are resistant to alkali and, in addition, 
. | Duceoside 5’-phosphates are released from acid-soluble RNA 
_ bythis treatment. These results suggest that a relatively high 
- proportion of alkali-resistant internucleotide linkages may exist 
; meg RNA’s, particularly in acid-soluble RNA. 


SUMMARY 
The total ribonucleic acid (RNA) of mature ovaries of Rana 


-_ cilesbeana is composed of at least two gross fractions: one that 


8 soluble in cold 0.5 m perchloric acid and another that is in- 
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soluble in the same concentration of perchloric acid. Each 
comprises roughly half of the total RNA. 


A study of the mononucleotide composition of the two types 


of RNA by column chromatography after alkaline hydrolysis 
shows that they differ significantly in that the acid-soluble RNA 
contains relatively less cytidylic and guanylic acids but more 
adenylic and uridylic acids than does the acid-insoluble RNA. 
The acid-soluble RNA also yields 5’-adenylic acid and 5’-uridylic 
acid in addition to the expected 2’ and 3’ mononucleotides, 
whereas acid-insoluble RNA yields only the normal 2’ and 3’ 
mononucleotides after similar treatment. 


A striking similarity of both types of RNA is that neither is 


quantitatively hydrolyzed to mononucleotides on prolonged 


treatment with alkali. 


About 80% of the acid-soluble RNA 


is recovered as mononucleotides along with at least seven other 
compounds, whereas 90% of the acid-insoluble RNA is recovered 


as mononucleotides with at least six other compounds. 


The 


unknown compounds of the acid-soluble RNA differ from those 
of the acid-insoluble RNA principally with respect to spectro- 


photometric ratios and phosphorus content. 


These results in- 


dicate that both RNA fractions from mature ovarian frog eggs 
contain a relatively high proportion of linkages that are resistant 
to alkaline hydrolysis, and that the linkages may differ in each 
type of RNA. 


. VoLKIN, E., AND CarTER, C. E., J. Am. Chem. Soc., 73, 
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Metabolites of p-Aminobenzoic Acid 


I. ISOLATION, BIOLOGICAL AND CHEMICAL PROPERTIES OF TWO CRYSTALLINE 
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Sloane et al. (1, 2) reported that resting cells of Mycobacterium 
smegmatis ATCC 101 and Mycobacterium tuberculosis ATCC 607 
decarboxylated p-aminobenzoic acid to aniline and added aniline 
was subsequently hydroxylated to p-hydroxyaniline. The hy- 
droxylation of aniline was shown to be an energy-coupled reac- 
tion, but the hydroxylation process was not dependent on the 
formation of adaptive enzymes. McCullough et al. (3) reported 
that Escherichia coli 0111B4 decarboxylated p-aminobenzoic acid 
to aniline. 

Inasmuch as other uncouplers of oxidative phosphorylation 
were shown (2) to inhibit enzymatic hydroxylation, the inhibition 
by chlortetracycline of this enzymatic process and reversal of 
this inhibition were studied, and results are reported in this 
paper. Tetracycline has been reported to act as an uncoupler 
of oxidative phosphorylation in mitochondria (4, 5) and in bac- 
teria (6). 

Although chlortetracycline inhibited the hydroxylation of 
aniline, the antibiotic had no effect on the production of p-hy- 
droxyaniline from p-aminobenzoic acid. Two crystalline me- 
tabolites of p-aminobenzoic acid were isolated from culture fil- 
trates of M. smegmatis 101. These metabolites, designated p- 
aminobenzoic acid metabolites I and II, reversed the chlortetra- 
cycline inhibition of aniline hydroxylation, and p-aminobenzoic 
acid metabolite I also functioned catalytically (in absence of 
antibiotic) in the hydroxylation of aniline by resting cells. In 
addition, substrate levels of p-aminobenzoic acid metabolite II 
yielded p-hydroxyaniline directly in absence of added aniline. 
Preliminary reports describing the biological and chemical prop- 
erties of these crystalline metabolites have been published (7-9). 


EXPERIMENTAL PROCEDURE 


The techniques employed in the preparation of cells, oxidation 
of aniline by acid-fast bacteria, and the determination of p-hy- 
droxyaniline have been described (1, 2). 

Large Scale Growth of Cells under Conditions of Forced Aera- 
tton—In order to procure sufficient material for isolation of PAB! 
metabolites, the cells were grown in 4 liter quantities in 9-liter 
Pyrex bottles under conditions of vigorous aeration. The me- 
dium (1) without magnesium sulfate was added to the bottle 
and sterilized. A cool sterile magnesium sulfate solution (80 ml) 
was added aseptically to the cooled medium in the bottle (1). 
Tap water fortified with 10 mg of manganous sulfate (mono- 


1 The abbreviations used are: PAB, p-aminobenzoic acid; BMC, 
buffer-metals-citrate solution (1). 


hydrate) per liter or deionized water fortified with 20 mg of 
manganous sulfate per liter was used in the preparation of the 
medium.? The 6 to 9 day surface growth of 2 to 4 Roux bottles 
of M. smegmatis 101 was added as inoculum. The culture was 
incubated at 37° for 3 to 4 days until a heavy pellicle formed on 
the surface of the medium. The culture was aerated vigorously 
for 24 hours before the addition of sterile PAB solution (4 g of 
PAB at pH 7 in 600 ml of H.O0 were added to 4 liters of culture). 
The vigorous aeration continued for 48 to 72 hours. The bottles 


were harvested when 80 to 90% of PAB had been metabolized | 


as determined by the Bratton-Marshall test (10). 
6 ml volumes of n-dibutyl phthalate were added as antifoam 
through the rubber stopper, by means of a needle and syringe. 
Sterile distilled-deionized water was added as necessary to main- 
tain volume at approximately 4 liters. The air was passed 
through sterile glass wool filters into a glass, L-shaped, slightly 
curved tube, sealed at its end, which was close to the bottom 
of the bottle. The horizontal portion of the tube (approximately 
5 inches long) had small orifices of uniform size (size of 18-gauge 
needle) about $ inch apart on each side of the tube. Exhaust 
air was passed through a sterile glass wool filter. Samples were 
collected through the sample collection tube under aseptic con- 
ditions. 
fluid was used for isolation of PAB metabolites. 

M. tuberculosis 607 cells, which were used for assay of biological 
properties of metabolites I and II, were grown under these con- 
ditions except that distilled-deionized water was used to prepare 


the medium and no antifoam was added. These cells were col- 


lected after 72 to 90 hours of forced aeration and washed free of 
medium by repeated washing with distilled-deionized water. 


Cells were also grown in shaker flasks as described previously | 


(2). The cells could be stored at 4° for about 1 month. 
Chemicals were obtained from commercial sources and used 
without further purification. 


RESULTS 


Effect of Chlortetracycline on Hydroxylation—The antibiotic 
chlortetracycline, at a concentration of 5.15 X 10-® M, inhibited 
the hydroxylation of aniline. The hydroxylation-inhibition ac- 
tivity was correlated with the specific antibiotic activity, inas 
much as the biologically inactive dehydration product, anhydro- 


Manganous sulfate was essential for the efficient metabolism | 
of added PAB. This salt was not necessary for the growth of the 


organism. 
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TABLE I 


Formation of p-hydroxyaniline by M. tuberculosis 607 from PAB 
tn presence of chlortetracycline 


Each vessel contained the equivalent of 600 mg, dry weight, of 
M. tuberculosis 607 cells which are aseptically suspended in sterile 
BMC solution, pH 6, and adjusted to 25 ml] as previously described 
(1). The cells were shaken vigorously at 37° for 16 hours on a 
reciprocating shaker in 250-ml flasks. 


System p-Hydroxyaniline 
1. Cells + BMC + aniline, 0.1 mmole......... 5.34 
2. System 1 + chlortetracycline, 0.15 umole. .. 0.00 
3. Cells + BMC + PAB, 0.1 mmole.......... 2.03 
4, System 3 + chlortetracycline, 0.15 umole. .. 2.02 


N. H. Sloane 
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is described in Table III and its activity is shown in Table IV 
and Figs. 1 and 2. 

The concentration of PAB metabolite II in the PAB-metabo- 
lized medium was determined by the ability of resting cells of 
M. tuberculosis to form p-hydroxyaniline directly from added 
fractions prepared from this culture filtrate in the presence of 
chlortetracycline. The conditions for the assay are described in 


TaBLeE II 
Effect of crude PAB metabolites in reversing chlortetracycline 
inhibition of aniline hydrorylation 
Conditions are as shown in Table I, except that aseptic condi- 
tions were not employed where antibiotic was used. There was 
no evidence of bacterial contamination as determined by staining 
techniques. 


chlortetracycline (11), did not inhibit the hydroxylation even 
at high levels. Although the specific locus of the action of the 
antibiotic in the acid-fast cells has not been determined, its effect 
in these cells was very similar to the action of 2, 4-dinitrophenol 
on respiration and the hydroxylation (2). After 16 hours on 
shaker at 37°, M. tuberculosis 607 cells (600 mg, dry weight) in 
25 ml of BMC (1) plus aniline, 10 mg, showed a synthesis of 410 
yg of p-hydroxyaniline with a Qo. of 15 wl per mg per hour; 
cells shaken in the presence of chlortetracycline and aniline 
showed no hydroxylated product but the Q%" was equal to 
that of the control cells. The oxygen uptake data were obtained 
by the methods previously described (2). The preincubations 
for 16 hours were performed under aseptic conditions. 

Although the antibiotic inhibited the hydroxylation of aniline, 
the accumulation of p-hydroxyaniline from PAB was not in- 
hibited. The results are shown in Table I. The identity of 
this hydroxylated product was verified by the methods previously 
described (1). These results suggested that free aniline could 
not be the direct precursor of the hydroxylated product in the 
presence of the inhibitor. The following possibilities were sug- 
gested to account for the data: (a) aniline resulting from PAB 
decarboxylation was bound to the enzyme surface, and the 
“bound aniline’? was hydroxylated by a chlortetracycline-resist- 
ant pathway: or (6) PAB was converted, at least in part, to me- 
tabolites which reverse the aniline-hydroxylation inhibitory ac- 
tion of the antibiotic. The results shown in Table II indicated 
that the latter explanation was probably correct. The addition 
of culture filtrate of M. smegmatis 101 which had metabolized 
added PAB (1 mg per ml) reversed the antibiotic activity. The 
culture filtrate was freed of residual PAB before assay by re- 
peated ether extraction of the medium at pH 3. The culture 
filtrate was adjusted to pH 6 and the ether was removed in a 
vacuum before assay. The culture filtrate did not destroy the 
antibiotic properties of chlortetracycline as determined by the 
standard antibiotic test with Staphylococcus aureus as the test 
organism. The crystalline metabolites which were isolated from 
the medium (as will be described) also did not affect the anti- 
biotic action of the chlortetracycline. The inhibition of the 
hydroxylation by chlortetracycline could not be reversed by a 
wide variety of biologically active compounds. 

Assay for PAB Metabolites I and II—PAB metabolite I was 
assayed by its ability to reverse the chlortetracycline inhibition 
of aniline hydroxylation as measured with resting cells of M. 
tuberculosis 607. The procedure for the assay of metabolite I 


System p-Hydroxyaniline 
pmoles 
1. Cells + BMC + aniline, 0.1 mmole......... 3.89 
2. System 1 + chlortetracycline, 0.15 umole... 0.00 
3. System 2 + PAB-metabolized medium, pH 
6, 2 ml (freed of PAB).................... 1.20 
4. System 3, without aniline................... 0.00 


TaBLeE III 
Isolation and crystallization of PAB metabolites I and II 
Total | Total 
activity jactivity |Specific 
Fraction Total solids | of PAB |of PAB jactivi 
 meta- | meta- jof PA 
bolite II*|bolite It 
PAB PAB | units/ 
g units | units | mg 
PAB-metabolized medium (16 L).| 469 800 0.0017 
Supernatant after silver nitrate 
precipitation (17 L)........... 800 
Ethylacetate-soluble fraction at 
Crude PAB metabolite II........ 4.0 
PAB metabolite II.............. 1.0 680 0.68 
PAB metabolite I............... 0.012 48 (4.00 


* Assay for PAB Metabolite II—The PAB-metabolized culture 
filtrate and subsequent fractions were assayed directly for PAB 
metabolite II activity. Aliquots of the fractions were added to 
607 cells (250 mg of dry wt (2)) contained in 10 ml of BMC with 
0.1 umole of chlortetracycline at pH 6 without added aniline in 
50-ml flasks. The flasks were shaken at 21° for 16 to 18 hours. 
The supernatant solutions were assayed for p-hydroxyaniline. 
Standard curves of PAB without added aniline but with 0.1 umole 
of chlortetracycline were run with each assay. The activity of 
each fraction was calculated in terms of PAB units as described 
in the text. 

tT Assay for PAB Metabolite I—Formation of p-hydroxyaniline 
from PAB metabolite I in the presence of chlortetracycline and 
aniline. The 607 cells (600 mg of dry wt (2)) were suspended in 
BMC at pH 6; 0.1 mmole aniline, 0.15 umole of chlortetracycline, 
and varying quantities of PAB metabolite I fractions were added. 
The volume was adjusted to 25 ml. The cells were shaken vigor- 
ously at 37° for 16 hours on a reciprocating shaker before analyz- 
ing for p-hydroxyaniline. Standard curves of PAB with added 
aniline and 0.15 umole of chlortetracycline were run with each 
assay. The activity of each fraction was calculated in terms of 
PAB units as described in the text. 
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TaBLe IV 
Activity of PAB metabolite I in reversing inhibition 
of chlortetracycline in hydrorylating system 


Conditions are shown in Table II. 


System p-Hydroxyaniline 
moles 
1. Cells + BMC 4+ aniline, 107 wmoles........ 4.62 
2. System 1 + chlortetracycline, 0.136 umole. . . 0.00 
3. System 2 + PAB-metabolite I,* 4.56 umoles . 1.52 
4. System 2 + PAB metabolite I,* 2.28 umoles. 1.54 
5. System 2 + PAB metabolite I,* 1.14 umoles. 0.93 
6. System 2+ PAB metabolite I,* 0.57 umole. . 0.49 
7. System 2 + PAB metabolite I,* 0.28 umole. . 0.13 
8. System 2 + PAB, 14.6 wmoles.............. 0.93 
9. System 4, without aniline................. 0.00 
10. System 4, without both aniline and chlor- 
11. BMC + PAB metabolite I, 2.28 wmoles + 
* Maximal solubility of metabolite at pH 6 was 2.25 uwmoles/25 
ml. The metabolite was dissolved in cold 0.1 N HCl, 2 mg per 


ml; additions made to the BMC and readjusted to pH 6 with dilute 
NaOH before addition of cells. 


Ap Moles p-Hydroxyaniline 


| 
0.10 O15 


u Moles Metabolite 


O 


0.05 0.25 


0.20 


Fic. 1. Catalytic activity of PAB metabolites I and II on 
aniline hydroxylation at pH 4 at 37° in the presence of 0.1 wmole 
of tetracycline. The 607 cells (= 250 mg of dry wt) grown under 
conditions of forced aeration were suspended in BMC (1), pH 4, 
containing 1 mmole of aniline, adjusted to 10 ml in a 50-ml flask 
and placed on a reciprocating shaker for 16 hours at 37°. The 
control cells with aniline and antibiotic showed 0.20 umole of p- 
hydroxyaniline after 16-hour period. 


The formation of p-hydroxyaniline from PAB me- 
The activity 


Table III. 
tabolite II was not inhibited by chlortetracycline. 
of PAB metabolite II is shown in Table V. 
During the isolation procedures, the activity of PAB metabo- 
lites I and II concentrates was related to p-hydroxyaniline 
formed from added increments of PAB in the presence of anti- 
biotic and aniline for PAB metabolite I and in the presence of 
antibiotic with no aniline for PAB metabolite II. There was a 
linear relationship between the concentration of added PAB 
(0 to 80 wg per ml) and p-hydroxyaniline formed (0 to 6.2 yg 
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per ml). The activity was expressed in PAB units; 1 unit of 
activity was equivalent to the amount of p-hydroxyaniline 
formed from 1 mg of PAB by the resting cells of VW. tuberculosis 
607 per assay unit as described in Tables I, II, and III. 

The biological variability of the hydroxylation reaction was 
controlled by relating the activity of the PAB metabolites to the 
activity of a reference standard, PAB. Thus, the activity of 
each metabolite when compared to PAB was relatively constant 
(+5°%) from assay to assay even though the absolute values for 
p-hydroxyaniline formation varied due to physiological factors, 

The relations among PAB and its metabolites as determined by 


the formation of p-hydroxyaniline by resting cells of M. tuber [ 
culosis 607 (which formed the basis for the assays of PAB metab. 


olites I and II) are shown in Fig. 3. 

It was not possible to assay PAB-metabolized culture filtrate 
directly for PAB metabolite I, since the medium contained 20 to 
i00 times more PAB metabolite II than PAB metabolite I. 
However, the concentration of PAB metabolite I could be deter. 


mined after the PAB-metabolized medium was adjusted to pH3 ~ 
and extracted with ether as previously described. The data for © 


the direct assay of PAB metabolite I are shown in Table II. 


Isolation of PAB Metabolites I and II—The PAB metabolized 
medium (16 L) was freed of cells by centrifugation. The super- | 


natant was adjusted to pH 7 with 2N NaOH. One liter of 40% 


silver nitrate solution was added and the precipitated material | 
was removed by filtration through Celite. Sodium chloride, — 
200 g, was added to the supernatant to precipitate the excess | 
The silver chloride was removed by filtration | 


silver ions. 
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Fic. 2. Effect of PAB metabolite I on rate of aniline hydroxyl- 
ation at pH 4.0 at 37° with 607 cells. Conditions were as sho 
in Fig. 1 except that no antibiotic was added. : 


TABLE V 
Enzymatic conversion of PAB metabolite II to p-hydroxyaniline 
Conditions are shown in Table IT. 


System p-Hydroxyaniline 
pmoles 
1. Cells + BMC + aniline, 0.1 mmole........ 5.61 
2. System 1 + chlortetracycline, 0.13 umole. .. 0.00 
3. System 2 + PAB metabolite II, 2.44 umoles. 1.65 
4. System 3, without aniline................... 1.65 
5. PAB metabolite II, 2.44 umoles + BMC...... 0.00 
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through Celite. This supernatant was adjusted to pH 10 with 
2~ NaOH and the gelatinous precipitate was removed by filtra- 
tion. The supernatant was then divided into four 4-liter vol- 
umes and each batch was placed in a large liquid-liquid extractor. 
The aqueous filtrate was continuously extracted with 1 liter 
yolumes of ethyl acetate for 3 days. The ethyl acetate was 
renewed each day, and the ethyl acetate-soluble fractions were 
pooled, dried with anhydrous sodium sulfate, treated with 3 g of 
Norit A and filtered through Celite. To the filtrate were added 
30 g of oxalic acid dissolved in ethyl acetate. The yellow pre- 
cipitate (crude PAB metabolite II) was collected on a sintered 
glass funnel, washed with ethyl acetate, and dried in a vacuum 
protected from light. This ethyl acetate filtrate (filtrate A) 
was saved for the isolation of PAB metabolite I. Crude metab- 
olite II, 4 g, was suspended in 400 ml of H2O and the pH was 
adjusted to 7 with 1 N NaOH. The insoluble material was 
removed by filtration and the supernatant was extracted 10 
times with 30-ml volumes of ethyl acetate. The ethyl acetate 
layer was dried with anhydrous sodium sulfate, treated with 
200 to 400 mg of Norit A, and filtered through sintered glass. 
White, crystalline PAB metabolite II-oxalate formed upon the 
addition of oxalic acid in ethyl acetate. The PAB metabolite 
II was washed with ethyl acetate and dried in a vacuum, pro- 
tected from light. The over-all yield of PAB metabolite II was 
in the order of 80%, with a 450-fold purification. 

The ethyl acetate filtrate (filtrate A) was then used to prepare 
crystalline PAB metabolite I. This ethyl acetate fraction was 
extracted 5 times with 10 ml volumes of 0.1 N HCl. The aque- 
ous acid solution was placed at 0° and an excess of a saturated 
solution of Reinecke acid (prepared by dissolving Reinecke salt 
in 0.1 n HCl) was added. The crystalline reineckate was col- 
ected by centrifugation at 4° and then washed several times 
with cold H,O. The reineckate was suspended in 10 ml of cold 
0.1 N HCl and extracted repeatedly with ethyl acetate to remove 
the colored Reinecke acid. PAB metabolite I, 12 mg, crystal- 
lized upon adjustment of the pH of the aqueous phase to 7 with 
1n NaOH. The metabolite was washed with cold H.O and 
dried ina vacuum at 40°. Analytical samples were prepared by 
recrystallization from ethyl acetate-light petroleum ether, 1:4, 
and, finally, hot methanol, as previously described (4). The 
data of a typical run are shown in Table III. 

A yield of 2.5 g of PAB metabolite I was obtained from 400 
liters of culture medium by the method previously described 
(7); this method employed an ether extraction step at pH 2. 
This procedure was not satisfactory for obtaining PAB metabo- 
lites I and II from 4 to 16 liter volumes of PAB-metabolized 
culture filtrate. The use of the procedure described above 
yielded 0.25 to 1.25 g of PAB metabolite I from 400 liters of 
culture filtrate. The ability of PAB metabolite II to yield PAB 
metabolite I upon mild acid hydrolysis* could account for the 
a yield of PAB metabolite I in the original isolation scheme 

It is to be emphasized that unless added PAB was metabolized, 
neither I nor II could be isolated. Furthermore, the ethyl ace- 
tate-soluble fraction did not yield an insoluble product upon 
addition of oxalic acid when added PAB was not metabolized. 
This evidence, coupled with the fact that the compounds were 


*Data obtained in collaboration with Dr. A. W. Johnson. 


qeradation studies will be subject of forthcoming communica- 
ns, 
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Ch 
PABA = Aniline = p—Hydroxyaniline 


PABA Metabolite I + Aniline 


Fig. 3. Interrelations among PAB, PAB metabolites I and II 
in the formation of p-hydroxyaniline by resting cells of M. tubercu- 
losis 607. 


aryl amines, strongly suggested that I and II were metabolically 
derived from PAB; current experiments with ring-labeled C*- 
PAB will be reported in a separate paper. 

Biological Activities of PAB Metabolites I and II—At pH 6, 
substrate quantities of PAB metabolite I reversed the inhibition 
of the hydroxylation reaction caused by chlortetracycline. PAB 
metabolite I was about 12 times more effective than PAB in the 
antibiotic-inhibited system. These results are shown in Table 
IV. However, at pH 4, metabolite I functioned catalytically. 
At the lower pH the antibiotic was not very effective, but PAB 
metabolites I and II stimulated the hydroxylation. The re- 
sults are shown in Fig. 1. The data in Fig. 2 show that the 
hydroxylation was markedly stimulated by metabolite I. 

At pH 4, in the absence of antibiotic, control cells* hydrox- 
ylated 0.24 umole of aniline; however, in the presence of 0.46 
umole of PAB metabolite I, these cells formed 1.58 umoles of 
p-hydroxyaniline. These control cells with 1.75 wmoles of PAB 
(plus aniline) yielded 0.83 umole of hydroxylated product. 
Thus, under these conditions PAB metabolite I was more ef- 
fective than PAB. 

PAB metabolite II possessed two unique activities. At pH 6 
and pH 4, substrate levels of PAB metabolite II yielded p-hy- 
droxyaniline in the absence of added aniline. It was not possi- 
ble to show a catalytic function for metabolite II at pH 6. These 
data are summarized in Table V. However, at pH 4, PAB 
metabolite II functioned catalytically as shown in Fig. 3. The 
specific biological activity of II was not changed after the oxalate 
was converted to the crystalline reineckate and then re-isolated 
as the crystalline oxalate. This fact was important inasmuch as 
the modified isolation procedure did not have an isolation step 
designed to remove trace amounts of free aniline before crystal- 
lization of PAB metabolite II oxalate. Although aniline can be 
crystallized as an oxalate, it forms a soluble reineckate. 

The preparation of the reineckate and the recrystallization of 
PAB metabolite II oxalate were performed as follows: a sample 
of 500 mg of oxalate was dissolved in 40 ml of water, filtered and 


4 At acid pH, the tetracyclines isomerize to biologically inactive 
products (12). 

5 The biological activity of PAB metabolite II must be assumed 
to be a minimal value, because at pH 4 the compound precipitated 
after several hours. 

6 A 250-mg sample (= dry wt) of 607 cells was suspended in 10 
ml of BMC plus 2 mg of aniline in a 50-ml flask and vigorously 
shaken at 21° on reciprocating shaker for 16 hours. 
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TaBLE VI 
Rate of coupling of diazotized aryl amines 
with N-1-naphthylethylenediamine 

The reactions were run at room temperature. The color de- 
veloped was determined at 545 my, the wave length at which there 
was maximal light adsorption for each reaction product. The 
Bratton-Marshall reaction (10) was performed with 0.005, 0.01, 
and 0.02 umole of each compound. 


Fraction of color developed 
Compound 
10 min 30 min 60 min 120 min 
PAB metabolite I........... 0.43 0.58 0.78 0.86 
PAB metabolite II..........| 0.18 0.27 0.44 0.65 


the filtrate placed in an ice bath. A cold solution of Reinecke 
salt in 0.1 Nn HCl was added until excess of reagent caused no 
further precipitation. The reineckate was microcrystalline. 
The crystalline reineckate was washed twice with cold water by 
centrifugation at 4°. The material was then suspended in 25 
ml of cold 0.1 Nn HCl and extracted with 25 ml volumes of ethy] 
acetate until the aqueous solution was colorless. The aqueous 
layer was adjusted to pH 7 with 0.5 nN sodium hydroxide and re- 
extracted with ethyl acetate. The ethyl acetate solution was 
dried with sodium sulfate and after filtration the oxalate crystal- 
lized upon addition of a solution of oxalic acid in ethyl acetate. 
The crystals were washed with ethyl acetate on a sintered glass 
filter and finally dried in a vacuum. The yield was 60 mg. 
Substrate Specificity—The microorganism did not appear to 
hydroxylate benzene, nicotinic acid, L-tryptophan, anthranilic 
acid, tryptamine, or L-phenylalanine. The organism did not 
decarboxylate anthranilic acid inasmuch as in the presence of 
this substrate there was no accumulation of p-hydroxyaniline. 


Wavenumbers in cm=! 
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The microorganism utilized anthranilic acid but it was not possi- 
ble to demonstrate the presence of either 3-hydroxyanthranilic 
acid, quinolinic acid, or nicotinic acid as end products by exami- 
nation of ultraviolet absorption spectra. 

Chemical Properties of PAB Metabolites I and II—These me. 
tabolites formed diazonium salts upon reaction with nitrous acid, 
The diazonium salts coupled with N-1-naphthylethylenediamine 
to yield positive Bratton-Marshall tests (10) for aryl amine. 
The rate of reaction of the diazonium salt with the dye was quite 
slow; whereas maximal color development was obtained within 
10 minutes with PAB, maximal color development took more 
than 2 hours with metabolite I and more than 3 hours with 
metabolite II. The rate of coupling of diazonium salts with the 
dye is shown in Table VI. 

These aryl amines could be acetylated upon reaction with 
acetic anhydride in aqueous solution (13). The metabolites 
treated in this manner were incapable of forming diazonium 
saits. However, diazotizable compounds were liberated after 
acid hydrolysis of the acetylated metabolites (2 n HCl at 100° 
for 1 hour). Inasmuch as the metabolites do not appear to be 
substituted amides, it is presumed that free aryl amine groups 
participated in the acetylation and deacetylation reactions. The 
aromatic character was also shown by absorption bands in in- 
frared region. Aromaticity of the metabolites was indicated by 
absorption bands at 820, 1615, and 3030 cm (14) as shown by 
PAB metabolite I. The infrared curves of PAB metabolites I- 
and II-oxalate (Nujol mulls) are shown in Figs. 4 and 5. 

The oxalate salt of PAB metabolite II was labile; storage in 
air at room temperature and exposure to light for several months 
converted the white crystalline material to a dark orange-brown 
insoluble material, devoid of biological activity. The conversion 
was gradual; the white compound turned yellow after storage 
for 1 week under these conditions. Attempts to crystallize the 
free base of PAB metabolite II were unsuccessful. The free base 
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Fic. 4. Infrared absorption curves of PAB metabolite I (Nujol mulls). Curve A is the infrared absorption spectrum of PAB me- 
tabolite I obtained by crystallization from fermentation liquor. Curve B is the spectrum of PAB metabolite I obtained by 


hydrolysis of PAB metabolite II. 
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Fic. 5. The infrared absorption spectrum of PAB metabolite II-oxalate (Nujol mull) 


of II decomposed upon removal of ethyl acetate and exposure to 
air and light; it was not possible to prepare a crystalline oxalate 
from material so treated. 

Analyses’—PAB metabolite I analyzed as follows: 


Calculated: C 76.69, H 6.90, N 12.78 
Found: C 76.96, H 7.23, N 12.81 


The calculated molecular weight was 438. Potentiometric titra- 
tion of metabolite I in pyridine with tetrabutylammonium hydrox- 
ide (15) yielded an equivalent weight of 458. The titration equiv- 
alent of metabolite I with perchloric acid in dioxane with 5% 
acetonitrile (16, 17) was 196. The compound, therefore, con- 
tained two titratable groups of nearly equivalent basic strength 
since there was no break in the titration curve. The molecular 
weight could not be determined by the Rast method because the 
compound was insoluble in camphor and cyclopentadecanone. 
Determinations of the molecular weight by isothermal distillation 
method (18) have given variable results. The low molecular 
weight of 248 (7) previously obtained by this method in acetone 
may have been due to the low solubility of this compound in this 
solvent. However, the metabolite was quite soluble in both 
tetrahydrofuran and pyridine. In tetrahydrofuran, the deter- 
mined molecular weight by this method was 812; the compound 
may have formed a dimer in the presence of the trace amounts of 
peroxide present in the purified solvent. In pyridine the mo- 
lecular weight of PAB metabolite I at equilibrium was 420. 

PAB metabolite I decomposed if heated slowly; however, a 
sharp melting point (198-199°, uncorrected) was obtained if the 
compound was sealed in a vacuum capillary and placed in a pre- 
heated bath at 190°. 

PAB metabolite II (oxalate) analyzed for: 


Calculated: C 57.14, H 5.89, N 7.94 
Found: C 56.91, H 6.12, N 8.00 


The molecular weight was 883. Phosphorus, sulfur and _ hal- 
ogen were absent. Two analyses of the salt for oxalic acid gave 
33.0 and 33.7%, in fair agreement with a theoretical value of 
30.6% for the trioxalate. The CO released by heat decompo- 
sition of the oxalate in presence of acetic anhydride (19) was 
measured. This metabolite did not melt when heated to 240° 
(uncorrected). 


’ The author wishes to thank Mr. Louis Brancone, of Lederle 
Laboratories, and Mr. J. Kerns, of Mellon Institute, for micro- 
analyses, potentiometric titrations, and oxalate determinations. 
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Fic. 6. Ultraviolet absorption spectra of PAB metabolite I. 
Curve A, spectrum of 10 ug per ml of PAB metabolite I in 0.1 N 
NaOH. Curve B, spectrum of 10 ug per ml of PAB metabolite I 
in 0.1 N HCl. A Cary model 11 recording spectrophotometer was 
used to obtain these spectra. 


Mild acid hydrolysis of metabolite II (102 mg* in 20 ml of 0.5 
N HCl for 16 hours at 21°) liberated metabolite I, 35mg. PAB 
metabolite I crystallized upon addition of 1 N sodium hydroxide 
to pH 7. The free base of PAB metabolite II was soluble in 
water at pH 7 at least to the extent of 10 mg per ml. Control 
aqueous solutions of metabolite II at pH 7 did not show any 
precipitation during the 16-hour incubation period at 21°. PAB 
metabolite I was highly insoluble as the free base. Examination 
of the infrared absorption spectra (Fig. 4) shows that Curves A 
and B possess identical maxima and minima. Furthermore, the 
specific biological activities of both of these compounds were 
identical. 

Ultraviolet Absorption Characteristics—In aqueous alkali, the 
free base of PAB metabolite I showed a maximum at 242 mu 
(€ 2.5 < 10‘) and an absorption band at 276 to 288 mu (€3.8 x 
10? at 280 my). The hydrochloride had maximal ultraviolet 
absorption at 259 mu (€ 1.3 X 10°). 

PAB metabolite II oxalate in water showed an ultraviolet 


® Oxalate, 102 mg, was dissolved in 10 ml of H,0; the pH was 
adjusted to 7, and the solution was filtered. HCl, 1 Nn, 10 ml, was 
added. 
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Fic. 7. Ultraviolet absorption spectra for PAB metabolite II. 
Curve A, spectrum of PAB metabolite II 10 wg per ml in 0.1 N 
NH,OH. Curve B, spectrum of oxalate (PAB metabolite IT) 104 
ug per mlin0.1 nN HCl. A Cary model 11 recording spectrophotom- 
eter was used to obtain these spectra. 


absorption peak at 237 my (€ 1.4  10*) and an absorption band 
between 270 and 287 mu (€ 1.9 X 10° at 280 my). The free base 
of metabolite II in NH3-water showed peaks at 237 mu (€ 4.6 X 
10*) and 282 mu (€3.8 X 105). 
of PAB metabolites I and II are shown in Figs. 6 and 7. 


DISCUSSION 


The activity of PAB in the metabolism of microorganisms is 
frequently connected with the fact that it is part of the metaboli- 
cally versatile folic acid molecule (20-23). Exogenous PAB is 
used by several microorganisms in synthesizing folic acid or 
compounds with folic acid activity (24, 25). 

The results reported in the present paper are regarded as a new 
instance of PAB activity not connected with folic acid. They 
show that the hydroxylation of aniline is accelerated by PAB or 
its metabolites but that neither pterovlglutamic acid nor citro- 
vorum factor could replace PAB. 

The data reported suggest that aniline forms a complex inter- 
mediate before hydroxylation. This hypothesis is based on the 
following considerations: (a) PAB metabolite II, in substrate 
concentrations, yields p-hydroxyaniline directly upon metabo- 
lism; (6) PAB metabolite I per se acts as a cofactor in aniline 
hydroxylation, and itis also a structural moiety of PAB metabo- 
lite IT. 

It is not known whether PAB metabolite II is formed via PAB 
metabolite I or formed directly from PAB. Proposed experi- 
ments utilizing a pool of aniline-C™ during biosynthesis of PAB 
metabolites I and II from ‘cold’? PAB should yield information 
on this point. 

The ability of PAB metabolites I and II to reverse the hydrox- 
ylation-inhibition caused by chlortetracycline, but their inability 
to reverse the dinitrophenol inhibition again suggests that dif- 
ferent inhibitors of oxidative phosphorylation do not necessarily 
affect the same locus in the enzyme complex (26). 


Metabolites of p-Aminobenzoic Acid. I 


The ultraviolet absorption curves - 
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SUMMARY 


The isolation, biological and chemical properties of two crys- 
talline compounds metabolically derived from p-aminobenzoate 
by the action of Mycobacterium smegmatis on this compound have 
been described. 

p-Aminobenzoic acid metabolite I functioned as a cofactor in 
the hydroxylation of aniline by .Wycobacterium tuberculosis 607 
in the presence of chlortetracycline. In the absence of the 
antibiotic, the compound stimulated the hydroxylation of the 


substrate. 
p-Aminobenzoic acid metabolite II in substrate quantities at 


pH 6 and pH 4 yielded p-hydroxyaniline directly in the absence 
of added aniline. In catalytic quantities at pH 4, the metabolite 


functioned as a cofactor. 

The hypothesis for the formation of a complex intermediate of 
aniline before hydroxylation has been advanced and is based in 
part on the fact that p-aminobenzoic acid metabolite I is 4 
structural moiety of p-aminobenzoic acid metabolite IT. 
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Certain acyl transfer and hydrolytic reactions catalyzed by 
chymotrypsin and related enzymes proceed with the formation 
of an isolable enzyme-substrate intermediate, in which the acyl 
portion of the substrate is covalently bound to the enzyme. A 
considerable body of evidence now exists which suggests that the 
site of enzyme acylation, as well as phosphorylation, is the 
hydroxyl group of a serine residue in the active site. The acyla- 
tion and deacylation of this serine residue may be aided by the 
catalytic effect of the imidazole group of a histidine residue, 
which is held in a suitable position for catalysis by the tertiary 
structure of the protein, but is not adjacent to the serine in the 
peptide chain (1-9). 

It has recently been shown that imidazole can catalyze certain 
acyl transfer reactions without the formation of acetylimidazole, 
by removing a proton from the attacking reagent in the transi- 
tion state, i.e. by classical general base catalysis (10), and it has 
been suggested that imidazole may act in a similar manner in 
the enzymic acylation and deacylation of the serine hydroxyl 
group (1,7, 10-13). The experiments reported here were carried 
out to obtain information on the nucleophilic properties of the 
serine hydroxyl group and on catalysis of reactions of O-acyl 
serines, in order to provide a more complete background for 
consideration of the enzyme-catalyzed reactions. Preliminary 
reports of portions of this work have been published (10, 14). 


EXPERIMENTAL PROCEDURE 


Materials—Acetylimidazole was prepared by the method of 
Boyer (15), stored over CaSO, at —15°, and dissolved in water 
immediately before use. p-Nitrophenyl acetate (m.p. 78-79°) 
was prepared according to Chattaway (16), recrystallized from 
hexane, and stored over CaSO,. Aqueous solutions were made 
up to 10-3 m concentration by prolonged stirring at room tem- 
perature and were stable for several days at 3°. N-Acetyl- 
serinamide was prepared from serine methyl ester, according to 
Rothstein (17). 

N ,O-Diacetylserinamide was prepared from N-acetylserin- 
amide by pyridine-catalyzed acetylation with acetic anhydride. 
Acetic anhydride (4.7 ml) was added dropwise to a solution of 
3.0 g of N-acetylserinamide in 100 ml of pyridine. This solution 
was stirred for 2 hours at room temperature and the solvent 


_* Publication No. 74 of the Graduate Department of Biochem- 
istry, Brandeis University. We are grateful to the National 
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evaporated under reduced pressure. The gummy residue was 
washed with ether and the washed residue was crystallized from 
ethanol. The product was then twice recrystallized from 95% 
ethanol and dried under vacuum over P2O5. Yield: 1.94 g; m.p. 
157-1599. 


Calculated: C 44.70 H 6.43 N 14.90 
Found: C 44.75 H 6.49 N 14.80 


Acetyl chymotrypsin was prepared according to Balls and 
Wood (6) from twice recrystallized a-chymotrypsin obtained 
from the Worthington Biochemical Corporation. Deuterium 
oxide, 99.8%, was prepared by the Atomic Energy Commission 
and was obtained through the courtesy of the Department of 
Chemistry, Harvard University. Water and deuterium oxide 
were glass-distilled before use. 

Methods—Spectrophotometric measurements were carried out 
on a Zeiss PMQ II spectrophotometer equipped with a thermo- 
stated cell compartment. The alkaline and neutral hydrolysis 
and reaction with glycine of N,O-diacetylserinamide were 
followed by measuring the disappearance of ester, with a slight 
modification of the Hestrin (18) alkaline hydroxylamine-FeCl,; 
procedure. A 0.1-ml aliquot of the reaction mixture was added 
to 0.3 ml of a solution which was freshly prepared by adding 2 
volumes of 3.5 N NaOH to 1 volume of 4 n NH,OH-HCI. The 
samples were allowed to stand for 10 minutes at room tempera- 
ture and then 0.8 ml of a 10% FeCl;-6H.0 solution containing 
0.5 n HCl was added. The resulting ferric-hydroxamic acid 
complex was measured spectrophotometrically at 540 mu. For 
the alkaline hydrolysis of acetyl chymotrypsin and N ,O-diacetyl- 
serinamide in 8 m urea, the formation of hydroxamic acid was 
carried out as described above, after which 0.2 ml of 50% tri- 
chloroacetic acid was added, and the denatured protein was 
removed by suction filtration with Celite filter aid. The filter 
was washed with 1.0 ml of 10% FeCl;-6H:O containing 0.1 n 
HCl, which was combined with the filtrate before measuring 
the absorption at 540 mu. 

The neutral and alkaline reactions of hydroxylamine with 
N ,O-diacetylserinamide and the alkaline hydroxylamine reac- 
tion with ethyl acetate were followed by adding 0.1-ml aliquots 
of the reaction mixture directly to 1.0 ml of 10% FeCl;-6H.O 
containing 0.1 N HCl and measuring the ferric complex at 540 
my. Incubation with concentrated alkaline hydroxylamine at 
the end of these reactions gave no further increase in hydroxamic 


1 Analysis by S. M. Nagy, Massachusetts Institute of Tech- 
nology. 


455 


vs- | 
ite 
ive 
in 
07 
the 
the 
nee | 
lite 
e of | 
lin | 
Is a 
the | 
ick, | 
lion | 
by | 
vem., 
Biol. | 
[AMS, | 
} 
| 
128, 
OLD- 
1s, J. 
R. D., 
Chem. 
ecules, 
8, 792 | 
G. F. 
, The 
(1946). 
18, 97 
ITH, P. 
Zeit. 
1 


456 Reactivity of Serine Derivatives : Vol. 236, No. 2 


TABLE I 


Rates of base-catalyzed acetylation of 
N-acetylserinamide at 25° 


Acetylating reagent k* ERO 
Acetylimidazole................ 1.2 * 108 3500 
p-Nitrophenyl acetatet......... 2.2 X 10¢ 880 
Kobs Knya 


NASA = N-acetylserinamide. 


Kobs Knya Knya 
[OH-][(NASA]/ [OH-](H.0] 
t p-Nitrophenyl acetate reactions carried out at 25°, ionic 
strength 0.42, in 0.1 m triethylamine buffers covering a pH range 
from 9.3 to 10.3. 


t Reactivity ratio = 


acid, thus indicating total splitting of the O-acetyl linkage. For 
the alkaline hydroxylamine reactions with N ,O-diacetylserin- 
amide and acetyl chymotrypsin in 8 M urea, the 0.1-ml aliquots 
from the reaction mixture were first added to 0.2 ml of 50% 
trichloroacetic acid and then suction filtered with Celite filter aid. 
The filter was washed with 1.0 ml of 10% FeCl;-6H.O contain- 
ing 0.1 n HCl, and the combined filtrate and washings were meas- 
ured at 540 mu. 

The acetylation of N-acetylserinamide by p-nitrophenyl 
acetate was followed by measuring the rate of p-nitrophenolate 
ion formation at 400 mu. The rate of p-nitrophenyl acetate 
hydrolysis was determined in identical reaction mixtures from 
which N-acetylserinamide had been omitted. The acetylation 


of N-acetylserinamide by acetylimidazole was measured by _ 


following the disappearance of acetylimidazole at 245 mu. The 
rate of acetylimidazole disappearance in 6.8 Mm ethanol was 
followed by the decrease in absorption at 245 muy, and the prod- 
ucts of the reaction were analyzed by the Hestrin alkaline hy- 
droxylamine method for ester determination (18). 

Measurements for unsaturation were carried out by bromate 
titration (19). Infrared spectra were measured with KBr 
pellets, with a Perkin-Elmer model 21 spectrophotometer. 
Serine assays? were carried out on a Beckman/Spinco amino 
acid analyzer, according to the method of Moore and Stein 
(20, 21). Measurements of pH were made with a Radiometer 
pH meter, type PHM 4b with a G-200-B glass electrode. Hy- 
droxide ion was estimated from the measured pH, taking K, = 
10-4. The apparent pH values of solutions containing alcohol 
were determined with the glass electrode and are reported for 
comparative purposes only. Kinetic experiments were carried 
out with one reactant in great excess so that pseudo first order 
kinetics was followed. Rate constants were obtained by 
plotting the extent of the reaction, x. — 2, against time on 
semilogarithmic graph paper and by calculating the first order 
constants from the equation, k; = 0.693/t,. For the studies 
carried out in D.O, all components of the reaction mixture were 
pre-equilibrated twice with 99.8% D.,O, evaporated to dryness, 
and redissolved in D.O. Reactions at 100° were carried out by 
sealing each of 10 aliquots in small glass tubes, incubating in a 
boiling water bath, and removing aliquots for assay at appro- 
priate time intervals. 


2 We are very grateful to Dr. H. Van Vunakis and Mr. M. Coval 
for carrying out the serine analyses. 


RESULTS 


Nucleophilic Reactivity of the Serine Hydroxyl Group—N -Acety]- 
serinamide, in which the amino and carboxyl groups of serine 
are protected in amide linkages, was selected as a model com- 
pound to evaluate the unaided nucleophilic reactivity of the 
serine hydroxyl group under conditions somewhat analogous to 
those for a serine residue in a peptide chain. To our surprise, 
dilute solutions of this compound were found to react at a readily 
measurable rate with acetylimidazole and p-nitropheny] acetate, 
in spite of the enormously greater concentration of hydroxy] 
groups of the aqueous solvent. In imidazole buffers from pH 
6.5 to 8.1, the rate of the reaction with 0.1 m N-acetylserinamide 
was found to be proportional to the concentration of hydroxide 
ion. This suggests that the serine hydroxy] anion is the reactive 
species. The products of the reaction were estimated by the 
Hestrin alkaline hydroxylamine method for ester determination 
(18). A reaction mixture which contained initially 12 umoles of 
acetylimidazole in 0.2 m triethylamine buffer pH 9.0, was found 
to contain 8.4 umoles of ester at 85% reaction. Under these 
conditions, the calculated amount of ester formation, based on 
the rate constants for the reaction with N-acetylserinamide and 
for the hydrolysis of acetylimidazole, is 8.5 umoles. The reaction, 
therefore, represents an acetylation of the serine hydroxy] group, 
rather than a serine-catalyzed hydrolysis. It does not involve a 
base-catalyzed attack of an amide group, since no reaction could 
be detected with 8 M urea nor with 0.1 m N ,O-diacetylserinamide 
at pH 7.0 and 8.0, under conditions in which 0.1 m N-acetyl- 
serinamide caused a twofold increase in the observed rate of 
acetylimidazole disappearance. 

In order to compare the reactivity of N-acetylserinamide with 
that of other hydroxyl-containing compounds, the rate constant 
for the base-catalyzed reaction was calculated according to the 
rate law 


O 
rate = k{ROH](CH;CR’][OH-] (1) 


The reaction of N-acetylserinamide with p-nitrophenyl acetate 
was also found to be rapid and base-catalyzed. The rate con- 
stants for these two reactions are given in Table I. The serine 
hydroxyl group is 3500 and 880 times more reactive than the 
hydroxyl group of water, expressed according to the same rate 
law, in the base-catalyzed reactions with acetylimidazole and 
p-nitrophenyl acetate, respectively. 

Since the ionization constant for the formation of the hydroxyl 
anion of N-acetylserinamide is unknown, it might be argued 
that the observed high reactivity is due to an unusual acidity of 
the serine hydroxyl group, so that at a given pH, a greater 
concentration of N-acetylserinamide anion than of hydroxide 
anion would be present. No dissociation of the hydroxy! group 
could be detected by electrometric titration of N-acetylserin- 
amide up to pH 12. The nucleophilic reactivity of compounds 
of a given chemical class with acylating agents, such as p-nitro- 
phenyl acetate and the conjugate acid of acetylimidazole, 1s 
known to increase with increasing basicity of the attacking group, 
with a Bronsted coefficient of approximately 0.8 (22, 23). If 
one assumes pK, values between 13 and 17 for the dissociation 
of the serine hydroxyl group, the calculated specific rate con- 
stants for reaction of the serine hydroxyl anion with acetyli- 
midazole are still between 1000 and 6000 times larger than 
predicted from a Brénsted plot of slope 0.8 drawn through the 
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point for hydroxyl ion; similar results are obtained for the 
reaction with p-nitrophenyl acetate. The abnormal reactivity 
of N-acetylserinamide, therefore, cannot be ascribed to an 
unusual acidity of its hydroxyl group. 

To determine whether a high nucleophilic reactivity compared 
to water is a general property of aliphatic hydroxyl groups or is 
a special property of the hydroxyl group of N-acetylserinamide, 
the reaction of acetylimidazole with aqueous ethanol was studied. 
Under the same conditions used for the acetylation of N-acetyl- 
serinamide, no reaction of acetylimidazole with ethanol could be 
detected. It was possible to compare the reactivities of water 
and ethanol, however, by measuring the rate of disappearance of 
acetylimidazole in 6.8 m ethanol and determining the relative 
amounts of acetate ion and ethyl acetate which were formed. 
Since the ratio of hydrolysis to alcoholysis, as determined by 
product formation, is equal to the ratio of the rate constants for 
the two processes, and since the over-all rate of acetylimidazole 
disappearance is the sum of these two rates, the rate constants 
for the individual reactions are readily obtained. The reaction 
of acetylimidazole with ethanol, like that with water (10), is 
catalyzed by imidazole (Fig. 1). The catalysis increases with 
increasing pH, suggesting that the catalytically active species of 
imidazole is the free base. The rates in the absence of imidazole 
catalysis were obtained by extrapolation to zero imidazole con- 
centration and are compared in Table II. Although ethanol is 
4.3 to 4.4 times more reactive than water, this difference is much 
less than the 3500-fold difference between the reactivities of 
N-acetylserinamide and water. 

Although imidazole is a catalyst for the reactions of the 
hydroxyl groups of water and ethanol with acetylimidazole, no 
catalysis of the reaction of N-acetylserinamide with acetyl- 
imidazole could be detected in solutions up to 0.25 m in imidazole 
as the free base. The failure to observe imidazole catalysis of 
this reaction may be due not so much to the absence of imidazole 
catalysis as to its relatively slow rate, in comparison to the rapid 
hydroxide ion-catalyzed reaction; an imidazole-catalyzed con- 
tribution to the rate of the same magnitude as found with water 
and ethanol would not be detectable under the experimental 
conditions used. 


0.0IS F 
EtOH pH 7.4 
HOH 
0.0IOF 
€ pH6.8 
EtOH 
0.005 
0.05 0.10 M 


IMIDAZOLE BUFFER 7 

Fig. 1. Reactions of acetylimidazole with water and ethanol in 

6.8 m ethanol at constant pH, as a function of the concentration 
of imidazole buffer at 25° and ionic strength 0.2. 


B. M. Anderson, E. H. Cordes, and W. P. Jencks 
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II 
Reactions of acetylimidazole in 6.8 m ethanol at 25° 
Reaction pH? | 108 kim? 104 
Alcoholysis....| 6.8 2.65 0.148 3.10 43 
Hydrolysis..... 6.8 2.0 0.106 0.715 
Alcoholysis....| 7.4 4.7 0.144 5.47 44 
Hydrolysis..... 3.45 0.109 1.23 


* The apparent pH as measured by the glass electrode. 
’ko = first order rate constant extrapolated to zero buffer 
concentration. 
ek kobs ko 
tm fimidazolel tree bese 
4k, = k,/(H.O] in the case of hydrolysis and kz: = ko/{ethanol] 
in the case of alcoholysis. 
* Reactivity ratio = 


K obs X 103, 


0.5 1.0 
IMIDAZOLE BUFFER 
Fic. 2. Imidazole catalysis of the hydrolysis of N,O-diacetyl- 


serinamide at pH 7.1 and 8.1 at 100° and ionic strength 0.9 (pH 
determinations carried out at room temperature). 


Imidazole Catalysis of Reactions of N ,O-Diacetylserinamide— 
N ,O-Diacetylserinamide was chosen for studies on the suscepti- 
bility to catalysis and reactivity of a model for the acylated 
active site of chymotrypsin and related enzymes. At neutral 
pH, the hydrolysis of this compound proceeds very slowly at 
room temperature, but can be measured satisfactorily at 100°. 
As shown in Fig. 2, this hydrolysis is catalyzed by increasing 
concentrations of imidazole buffers at a given pH. An increase 
in rate with increasing buffer concentration could be due to 
either the acidic or basic component of the buffer. The fact 
that the catalysis is greater at pH 8.1 than at 7.1 shows that the 
rate of the catalyzed reaction is proportional to the concentration 
of imidazole present as the free base, and not to the concentra- 
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amine is very much faster than the neutral hydrolysis, and can : 
0.012 readily be studied at 25°. Imidazole catalysis of this reaction ‘ 
was studied by measuring the rate of hydroxamic acid formation " 
0.010 from N ,O-diacetylserinamide and 0.3 m hydroxylamine in 0.10, 
ea , 0.25, and 0.50 m half-neutralized imidazole buffers. Each rate 
= 0.008 determination was carried out in duplicate, and the reaction was I 
— . studied in water and in deuterium oxide. The results were ‘ 
3 0.006 similar to those for the hydrolysis reaction, showing catalysis by t 
- imidazole, which is decreased in deuterium oxide. The rate 5 
0.004 constants for the imidazole-catalyzed and the uncatalyzed reac. ‘ 
, tion, summarized in Table III, reveal a ku.o/kp,0 ratio of 24 t] 
0.002 for the imidazole-catalyzed reaction and 1.9 for the uncatalyzed | 4 
' reaction. At pH 10.25, the reaction of N ,O-diacetylserinamide | - 
with hydroxylamine is almost entirely hydroxide ion-catalyzed, | 
0.2 04 06 O08 1.0M and no increase in reaction rate was found on the addition of h 
IMIDAZOLE FREE BASE 0.5 M imidazole. Bes 
Fia. 3. Imidazole catalysis of the hydrolysis of V,O-diacetyl- Other reactions of N ,O-diacetylserinamide in water are also | 
cl ~eperesorter’ —" and deuterium oxide at pH 7.1, 100°, and — cubject to general base catalysis. The presence of general base | ‘a 
| 9. catalysis may be demonstrated by a greater than first order | 4, 
Taste Il dependence of the rate on the concentration of the attacking ; 4, 
nucleophilic reagent (27, 28). The rate of the reaction with | 
mae gly glycine, shown in Fig. 4, increases considerably faster than the 
concentration of glycine and follows satisfactorily the solid line on 
Solvent ko® X 108 kim? X 103 in the figure, which was calculated by assuming a reaction | 7 
pereen cain second order in respect to glycine; thus, this reaction proceeds |, 
exclusively through a general base-catalyzed pathway, with no! 
Neutral hydrolysis of H:0 rr | 11-0 detectable contribution of an uncatalyzed reaction to the ob- | 4p 
acetyl ester at 100°, | 99.8% D-O 1.6 5.9 
02° 19 served rate. The reaction with hydroxylamine was also found eal 
| to be dependent on more than the first power of the hydroxyl | gp 
kien’ vensthen etek H.O 28 11.0 amine concentration, thus indicating catalysis of this reaction | of 
0.3 m hydroxylamine | 99.8% D,O 1.5 by a second mole of hydroxylamine. 
at 25°, ionic strength | ky.o/kp.0 | 1.9 2.4 ° Under the conditions used for the reactions of N ,O-diacetyl 4, 
1.6° | | serinamide with hydroxylamine and glycine, no detectable reac- 4p, 
| | : : tion was observed between ethyl acetate and these nitrogen; — yj 
| k3® min.) bases. 
| | Certain serine phosphates and related esters may decompose | of 
Reaction with glycine H:O | | 0.036 ee 
at pH 9.7, 25°, and | | 
strength 1.0 | Tasie IV 
| | Deuterium isotope effects on imidazole catalysis of hydrolysis of | effe 
¢ Observed rate extrapolated to zero imidazole buffer concen- phenyl acetate and p-nitrophenyl acetate at 25° son 
tration. ure 
Kors — ko am: 
base 
¢ pH 7.1 in water. a. 
dks = [kovs — Phenyl acetate hydrolysis, ionic strength 
0.35 
tion of imidazolium ion. The uncatalyzed rates, obtained by ok D:Ot “ mo 
extrapolation to zero buffer concentration, are the same at pH = y_Nitrophenyl acetate hydrolysis, ionic 
7.1 and 8.1, showing that in this pH range the uncatalyzed reac- strength 0.1 
tion is a neutral (water) hydrolysis. In Fig. 3, the catalytic H.,Of 31.0 1.0 
effectiveness of imidazole buffer solutions of identical composition 99.8% D2Ot 31.0 
is compared in water and deuterium oxide solutions. Imidazole 
catalysis is considerably less effective in deuterium oxide than in kh = Sove —_* where ky = kons extrapolated to zero 
water; the rate constants for these reactions, summarized in base 
imidazole concentration. | 
catalyzed reaction. Imidazole catalysis of the hydrolysis of 

: aioe stant ionic strength maintained with KCl. Buffer concentrations 
p-nitrophenyl] acetate and phenyl acetate, which - known to were varied from 0.2 m to 0.7 m in phenyl acetate reactions and F 
proceed by nucleophilic cataly oar with the intermediate forma- 0.02 m to 0.10 m in p-nitrophenyl] acetate reactions. 
tion of acetylimidazole (24-26), is not significantly decreased in t Imidazole buffers pre-equilibrated with D.O and half-neu- a * 
deuterium oxide solution (Table IV). tralized with DCI; constant ionic strength maintained with KCl orde 

The reaction of N ,O-diacetylserinamide with neutral hydroxyl- in D.O. (gly 


iction 


cetyl. 


reac- 


rogen 


npose 


February 1961 B. M. Anderson, E. H. Cordes, and W. P.. Jencks 


in alkaline solution by elimination of the acid anion to give an 
aminoacrylic acid derivative, rather than by hydrolysis (29, 30). 
To determine whether such an elimination reaction might take 
place in the reactions reported here, aliquots of reaction mixtures 
in which the base-catalyzed, neutral, or imidazole(0.9 m)-cata- 
lyzed decomposition of N ,O-diacetylserinamide had occurred 
were analyzed by spectrophotometry at 241 my and by bromate 
titration (19). Based on the molar extinction coefficient of 
5300 for a-N-carbobenzoxylaminoacrylic acid (30), it was 
estimated that less than 5% of unsaturated product was formed; 
the same result was obtained by bromate titration. Samples of 
the reaction mixtures were subjected to acid hydrolysis and 
analyzed chromatographically for serine? by the procedure of 
Moore and Stein (20, 21). After correction for a 25% loss during 
hydrolysis in a control sample of N-acetylserinamide, the re- 
coveries of serine were 90% for the base-catalyzed reaction, 96% 
for the uncatalyzed reaction, and 62% for the imidazole-catalyzed 
reaction. It is possible that the lower yield for the imidazole- 
catalyzed reaction may be due to imidazole catalysis of serine 
decomposition during the acid hydrolysis. In any case, the 
imidazole-catalyzed reaction must proceed predominantly to 
give the expected products, since under the conditions of the 
experiment, 85% of the total reaction was imidazole-catalyzed. 
These conclusions were confirmed by direct isolation of N- 
acetylserinamide from the lyophilized reaction mixture and 
crystallization from acetonitrile; a 60° yield was obtained from 
the imidazole-catalyzed reaction and a 73% yield from the base- 
catalyzed reaction. The melting points, mixed melting points, 
and infrared spectra of the products were identical with those 
of N-acetylserinamide. 

Comparison of Reaction Rates of N ,O-Diacetylserinamide and 
Acetyl Chymotrypsin—Dixon, Dreyer, and Neurath have shown 
that the high reactivity of the acetyl group, which is associated 
with the catalytic activity of the enzyme, is reversibly lost when 
acetyl chymotrypsin is dissolved in 8 M urea (4). The properties 
of the acetyl enzyme in 8 M urea should, therefore, reflect the 
properties of the acetyl enzyme bond in the absence of the rate- 
enhancing effects of other groups which contribute to the catalytic 
effectiveness of the active site. With this in mind, a compari- 
son was made of the reactivity of acetyl chymotrypsin in 8 M 
urea with that of the model compound, N ,O-diacetylserin- 
amide. 


Kobs.~ (min ) 


0.5 
GLYCINE ( free base) 


Fig. 4. The rate of the reaction of N,O-diacetylserinamide with 
glycine, as a function of glycine concentration at pH 9.75, 25°, 
and ionic strength 1.1. Solid line calculated for a reaction second 
order in respect to glycine, from the rate law: rate = 0.036 (ester) 
(glycine)?. 
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Fic. 5. Logarithmic plots of the rates of hydrolysis of N,O- 
diacetylserinamide and acetyl chymotrypsin against pH in 0.1 m 
carbonate buffers at 25° and ionic strength 0.3. A, N,O-Dia- 
cetylserinamide hydrolysis in water; 0, N,O-diacetylserinamide 
hydrolysis in 8 M urea; O, acetyl chymotrypsin hydrolysis in 8 m 
urea. 
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Fic. 6. Logarithmic plots of the rates of reaction of hydroxyla- 
mine with N,O-diacetylserinamide and acetyl chymotrypsin 
against pH in 0.1 m carbonate buffers at 25° and ionic strength 
0.4. 


The rates of alkaline hydrolysis of acetyl chymotrypsin and of 
N ,O-diacetylserinamide are compared in Fig. 5. The pseudo 
first order rate constant for each reaction was obtained at each 
pH value from five measurements of remaining acetyl] ester, 
determined by the alkaline hydroxylamine method. The reac- 
tions followed pseudo first order kinetics in each case. At a 
given apparent pH value, the model compound, in water, was 
found to react faster than acetyl chymotrypsin in urea, but if 
the rates of hydrolysis of the model compound and of acetyl 
chymotrypsin are compared in 8 M urea, they may be seen to be 
almost identical. 

The rates of the base-catalyzed reactions of acetyl chymotryp- 
sin and N ,O-diacetylserinamide with hydroxylamine are com- 
pared in Fig. 6. Again the model compound in water reacts 
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TABLE V carried out on isolated acetyl chymotrypsin which was re. | 
Rate constants for base-catalyzed acetyl transfer reactions to water dissolved immediately before each experiment. To ensure that 
and hydroxylamine the results reported here were not dependent on the method of 
isolation, the rate of base-catalyzed hydroxamic acid formation 
was measured, with acetyl chymotrypsin which had beg) ¢ 
saa freshly prepared in solution at pH 5.5 and to which solid ures , 
had been added to a final concentration of 8 mM. Samples wer 
Alkaline hydrolysis of acetyl ester brought to pH 10.38 and 10.24 by addition of carbonate buffer 
linkage for determination of the rate of reaction with alkaline hydroxyl. 
Acetyl chymotrypsin............ 25 | 8M urea 12.3 amine. Under these conditions the rate constant for the base. 
N ,O-Diacetylserinamide......... 25 | 8M urea 16.2 catalyzed reaction of acetyl chymotrypsin with hydroxylamine _ 
N,O-Diacetylserinamide.........| 25 | Water 48.8 was found to be 1180 m-* min.-!, which is not significantly — 
Acetylimidazole................. 25 | Water 19 ,000° different from that obtained with the isolated intermediate (k = ' 
25 | Water 6.6° 1230 m-? min.-, Table V) 
....| 20 | Water 574 
| DISCUSSION 
ke 3 
| uM? mino The neutral hydrolysis and reaction with hydroxylamine of © (J 
the model compound, N ,O-diacetylserinamide, are catalyzed by 
Base-catalyzed hydroxylamine re- imidazole. This catalysis is of interest because it represents,  P* 
actions , catalysis of hydrolysis and acyl transfer reactions of a “low | 
Acetyl chy motrypsin............ 25 | 8murea/ 1,230 energy’’ ester and because it is decreased approximately one- 
N 25 | 8murea| 1,380 fre 
half in deuterium oxide solution. | 
N ,O-Diacetylserinamide.........| 25 | Water 5,150 iv 
With highly reactive, “‘energy-rich”’ acylating agents, suchas 
Acetylimidazole............... ..| 25 | Water i me i 
25 | Water 1520 p-nitrophenyl acetate and acyl phosphates, imidazole catalyzes 
37. | Water 8 330" acyl transfer and hydrolysis by nucleophilic catalysis with the 
| intermediate formation of acetylimidazole, which is itself an‘ fo: 
= kovs/[OH-]. “energy-rich” compound (24-26, 31, 37). With “low energy” es 10 
> Reference (31). ters, acetylimidazole formation is much less likely because of the © I 
ee (32). unfavorable equilibrium for its formation. It has been shown 
— that acyl transfer reactions of acetylimidazole to water, amine, 
= and sulfhydryl compounds, which cannot be catalyzed by) 
¢ Measured at pH 10.23, 10.39, and 10.48 in 0.125 mM carbonate — 
general base catalysis, in which imidazole aids the removal ofa  °Y 


buffer, 0.4 m hydroxylamine, 0.01 m ethyl acetate, and ionic sei 
strength 0.9. proton from the attacking reagent in the transition state (10). ; 


h Estimated from the data of Reference (18). It was suggested that this type of catalysis might be favored in | 
the case of substrates with a relatively poor leaving group, such © pr 


faster than acetyl chymotrypsin in urea, but in urea solution as the imidazole catalysis of methyl oxalate hydrolysis reported ™ 
both compounds react at almost the same rate. by Brouwer et al. (26), since the potential attacking anion — on 

The rate constants for these reactions and for some analogous (€-9- OH") formed in a general base catalyzed reaction could | io 
reactions of related compounds are summarized in Table V. attack “low energy”’ as well as “high energy”’ substrates. ni 


The rate constants for alkaline hydrolysis and for hydroxamic The fact that imidazole catalysis of N ,O-diacetylserinamide | tt 
acid formation of acetyl chymotrypsin and N ,O-diacetylserina- reactions is decreased in deuterium oxide solution strongly | ni 
mide in urea agree well; the decrease in rate in urea compared to suggests that proton transfer takes place in the activated com- | 
water solution is presumably due to a nonspecific effect of the plexes of these reactions and that they are examples of classical | 
medium. The rates of both reactions of the serine esters are general base catalysis by imidazole. No isotope effect was | tha 
slightly less than an order of magnitude faster than those of | observed or would be expected for the imidazole-catalyzed reac- | 
ethyl acetate. This may be ascribed to the rate-enhancing effect _ tions of p-nitrophenyl acetate and pheny! acetate, which proceed 
of the two electron-withdrawing amide groups, since the acyl by nucleophilic catalysis with intermediate acetylimidazoe pea 
serines react at approximately the same rate as acetylcholine, formation.’ tion 
which contains quaternary atom th roughly the Butler and Gold (38) have recently reported a deuterium In| 
same electron-withdrawing power as two amide groups. In isotope effect in the pyridine-catalyzed hydrolysis of acetic al- | gyg 
contrast, the rate of alkaline hydrolysis of acetylimidazole is hydride, which probably proceeds through nucleophilic catalysis; | 4, 
several orders of magnitude faster than that of acetylserine, and but it seems very likely that this reaction is complicated by re- 


the rate of the reaction of acetylimidazole with hydroxylamine action of the intermediate acetylpyridinium ion with acetate to” 
reform acetic anhydride, so that the rate-limiting step is not the 8 pf 


is — fast to be readily measured. Atkinson and Green have initial nucleophilic attack of pyridine. This interpretation is} app 
previously shown that the rate of hydrolysis of N-diisopropyl- supported by the known facile reaction of the acetylimidazolium | wo, 


phosphorylimidazole is much faster than that of diisopropyl- ion with acetate (31). In any case, a mechanism of this kind may; 4 
phosphorylated enzymes (34). be ruled out for the reactions reported here, since in the dilute | Th 
solutions employed, the known rate constants for the reaction of | e 


ae been suggested that acetyi serine with any presumed acetylimidazole intermediate would mod 
m two forms, depending on the method of preparation and pot permit any appreciable reformation of starting material to’ tion; 
isolation (35, 36). The experiments described above were compete with hydrolysis by solvent. 
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General base catalysis by imidazole of acyl serine hydrolysis 
could occur by removal of a proton from an attacking water 
molecule (XH) in the transition state (I) or by addition of a 
proton from imidazolium ion to the leaving serine group, ac- 
companied by attack of hydroxide ion (X~-) on the acyl group 


(II). Mechanisms I and II are kinetically indistinguishable 
since their transition states have the same stoichiometric com- 
position and 


[Imidazole] = A[Imidazole H*][OH7—] (2) 


from the equilibrium expressions for the dissociation of imidazol- 
jum and water. In both cases, the rate will appear to be pro- 
portional to the concentration of imidazole as the free base. 

General base catalysis has been suggested as a possible role 
for imidazole in chymotrypsin and related enzymes (e.g. 1, 7, 
10-13) and, with appropriate substitutions for XH and for R, 
I and II may refer also to the reaction with hydroxylamine and 
to the enzymic reaction. Many reactions of chymotrypsin are 
reversible and presumably involve catalysis of both the acyla- 
tion and deacylation of serine, which are similar processes except 
for direction. Mechanism I involves proton removal from XH 
by imidazole in one direction and proton addition to X~- from imid- 
azolium ion in the other, as the serine hydroxy] anion is expelled 
or attacks, respectively. Mechanism II involves removal of a 
proton by imidazole from the attacking serine hydroxyl group 
in one direction, and addition of a proton to the leaving serine 
oxygen atom by imidazolium in the other direction as X- leaves 
The two mechanisms differ, therefore, 
not in whether imidazole acts as a general base by removing a pro- 
ton or as a general acid by donating a proton (from imidazolium, 
after a pre-equilibrium removal of a proton from the other reac- 
tant, as in Equation 2), but rather in whether imidazole is acting 
to remove or add protons to XH and X~- (Mechanism I) or to the 
serine oxygen atom (Mechanism II). It is important to realize 
that for any reversible reaction, acceptance of a mechanism 
involving proton abstraction by imidazole in one direction, re- 
quires acceptance of proton donation by imidazolium cation, 
acting as a general acid, in the other direction, since the transi- 
tion state must be the same for catalysis in the two directions. 
In both the model and enzymic reactions, there is no evidence 
available at the present time to favor one of these two mechanisms 
over the other, and both are, a priori, equally likely. 

Several modifications of this scheme should be considered. It 
is possible that a tetrahedral addition intermediate with an 
appreciable lifetime is formed (11, 39). The transition states 
would then be similar to I or II, except that one of the bonds to 
the carbonyl group would be fully, instead of partially, formed. 
There is at present no evidence for such an intermediate in the 
model or enzymic reactions (40). Imidazole catalysis of reac- 
tions of acyl serines is clear-cut, but is of a low order, and if such 
catalysis occurs in the enzymic reaction, it must be aided by 
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such factors as other general acid-base catalysts on the enzyme 
surface and the use of weak bonding forces to bring the reactants 
into close proximity in order to realize the rate enhancements 
found in certain intramolecular compared to intermolecular 
reactions (3), as well as other, less well understood factors (23). 
The site of substrate protonation in specific and general acid- 
catalyzed reactions is not definitely known, and it is possible 
that general acid catalysis increases the polarization and reac- 
tivity of the carbonyl group. The maximal potentialities of 
general acid and base catalysis would be realized in a transition 
state such as III, in which one of the B groups represents imi- 


B-- 

O--H---B 
Ser 


dazole and the others represent other general acids or bases (e.g 
peptide linkages), whereas XH represents a protonated leaving 
or attacking group (e.g. water). Substrate specificity, which is 
different for the different enzymes, is presumably mediated by 
the nature and position of still other groups at the active site. 

The acetyl ester group of N ,O-diacetylserinamide has a reac- 
tivity towards hydroxide ion which is very similar to that of 
acetylcholine and is only slightly greater than that of ethyl ace- 
tate (Table V). The rate of the base-catalyzed reaction with 
hydroxylamine, which is also similar to that of acetylcholine, is 
some 34 times faster than the corresponding reaction with ethyl 
acetate. The neutral reactions of N ,O-diacetylserinamide with 
hydroxylamine and glycine, which are both general base cat- 
alyzed, show a much larger increase relative to ethyl acetate, 
since no such reactions could be detected with ethyl acetate 
under the conditions of measurement. It thus appears that the 
reactivity of the acetyl serine ester group, and presumably the 
intrinsic reactivity of acetyl chymotrypsin, is anomalously high 
towards nitrogen-containing nucleophilic reagents, particularly in 
general base catalyzed reactions. This may be of significance in 
explaining the known ability of proteolytic enzymes to transfer 
acyl groups to nitrogen-containing nucleophilic reagents, in 
preference to hydrolysis by water. 

The demonstration that acetyl chymotrypsin and N ,O-dia- 
cetylserinamide in 8 M urea undergo alkaline hydrolysis at almost 
identical rates and react with hydroxylamine at almost the same 
rates provides strong quantitative evidence that the acetyl group 
of acetyl chymotrypsin is bound in an ester linkage to the hy- 
droxyl group of a serine residue. Since the loss of the high en- 
zymic reactivity of acetyl chymotrypsin in 8 Mm urea is fully 
reversible (4), any irreversible migration of the acetyl group from 
some other active site during urea denaturation is ruled out. A 
reversible migration seems extremely unlikely under the mild 
conditions of urea treatment and would seem to be thermo- 
dynamically highly improbable, if it involved an imidazole 
residue, because of the “energy-rich” nature of acetylimidazole; 
furthermore, the demonstration that protons are taken up 
rather than given off during chymotrypsin acylation at slightly 
acidic pH appears to rule out imidazole as the initial site of 
acylation (6, 8, 9). Although it is difficult to devise an experi- 
mental test which could unequivocally rule out a transient acyla- 
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tion of imidazole, too fast to be kinetically detectable or to be 
of kinetic significance, there is at present no evidence for any 
such acylation, and we regard the role of a serine residue as the 
site of acylation by reactive substrates as firmly established. It 
is not known whether the hydrolysis of “low-energy” substrates 
also proceeds through an acyl enzyme intermediate. 

It is well known that serine and serine peptides are many orders 
of magnitude less reactive towards acylating agents than the 
serine hydroxyl group in the active site of chymotrypsin and 
related enzymes. For example, only one out of the many serine 
hydroxyl groups of chymotrypsin undergoes rapid acylation or 
phosphorylation, and qualitative observations have shown that 
serine-containing peptides do not react nearly as rapidly with p- 
nitrophenyl acetate as does chymotrypsin (e.g. (41)). It was, 
therefore, surprising to find that the hydroxyl group of N- 
acetylserinamide is approximately three orders of magnitude 
more reactive in base-catalyzed attack on two acylating agents, 
acetylimidazole and p-nitrophenyl acetate, than the hydroxyl 
groups of water and ethanol. Although the reason for this high 
reactivity cannot be established on the basis of the available 
evidence, it is possible that this reaction proceeds with a bifunc- 
tional, concerted attack in which the serine oxygen anion is the 
nucleophilic reagent and the hydrogen atoms of one or both 
amide groups, which carry a partial positive charge, provide 
general acid catalysis to further polarize and increase the reac- 
tivity of the carbonyl group of the substrate. Molecular models 


(—) (+) 
OW 
Ac-N iH 
0” SH 


of N-acetylserinamide show that the conformation shown is a 
possible, and even a preferred, orientation; essentially the same 
conformation exists in an a-helix. A similar mechanism has 
been suggested as a possible explanation for the abnormal reac- 
tivity of the oxygen atom of hydroxylamine towards activated 
acyl groups (23, 42). 

It might be expected that serine-containing peptides would 
show a similar enhanced reactivity. Although we have not 
studied such peptides, itis of interest that the rapid intramolecular 
reaction of the carbobenzoxyaspartylserinamide benzyl ester 
recently studied by Bernhard, Berger, Sela, and Katchalski (43) 
appears to require both the hydroxyl and the amide groups of the 
serine portion for rapid hydrolysis. 

It is not intended to make a direct comparison between the 
abnormally high reactivity of the serine hydroxyl group and the 
much higher order of reactivity found in enzymic reactions. It 
seems reasonable, however, to suggest that this high reactivity 
will contribute to the still higher reactivity of the enzyme and 
provide an initial advantage of several orders of magnitude over 
“normal” reactants. Serine hydroxyl, sulfhydryl, and imidazole 
groups are frequently found in the active sites of enzymes, and 
it appears that the serine hydroxyl group, like thiols and imid- 
azole, is an abnormally efficient nucleophilic reagent and is 
particularly well fitted for a role in enzymic catalysis. 


Reactivity of Serine Derivatives 


SUMMARY 


1. The nucleophilic reactivity of the hydroxyl group of N. 
acetylserinamide, a model for a portion of the active site of 
chymotrypsin and related enzymes, toward base-catalyzed acyla- 
tion by acetylimidazole and p-nitrophenyl acetate is abnormally 
high by about three orders of magnitude. 

2. The neutral hydrolysis and the reaction with hydroxyl. 
amine of N ,O-diacetylserinamide, a model for the acylated ae- 
tive site of chymotrypsin, are catalyzed by imidazole. This 
catalysis is decreased twofold in deuterium oxide solution. This 
suggests that a proton bond is stretched in the activated com. 


plex of the catalyzed reaction and that the reaction proceeds by. 
general base catalysis, rather than through the intermediate | 


formation of acetylimidazole. 
3. The rates of the base-catalyzed hydrolysis and reaction 


with hydroxylamine of N ,O-diacetylserinamide and of acetyl © 


chymotrypsin in 8 M urea are very similar. This provides quanti- 
tative support for the role of a serine residue as the primary site 
of acylation of chymotrypsin by reactive substrates. 

4. N,O-Diacetylserinamide reacts normally with hydroxide 


ion, but reacts anomalously rapidly in general base catalyzed © 


reactions with nitrogen bases. 


5. The implications of these findings with respect to possible | 
mechanisms of catalysis by chymotrypsin and related enzymes © 


are discussed. 
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For many years there have existed two divergent lines of 
thought regarding the mechanism by which antigens induce the 
formation of antibodies. One theory, ‘natural selection,” 
which in essence dates back to P. Ehrlich,! conceives of antigens 
acting specifically and selectively to initiate the proliferation of 
those cells which are already synthesizing the corresponding 
antibodies (2-6). According to the alternative theory, “instruc- 
tive,’”’ antigen acts catalytically asa template (7-10). Informa- 
tion concerning the secretion of antibody is not likely to discrimi- 
nate between these theories, but such information is obviously 
relevant for their experimental evaluation. It is of interest to 
know whether the cells which are the immediate source of serum 
antibodies can survive the process of secreting these proteins, or 
whether the release of antibody is a consequence of cell death and 
lysis and hence a terminal stage in the cell’s life history. The 
natural selection theory, for example, requires the hereditary 
preservation of those cells which are competent to produce a 
given antibody. If secretion is the consequence of cell lysis, and 
if the selective theory is correct, it follows that cells which are 
responsible for perpetuating the capacity for antibody production 
cannot be the immediate source of serum antibodies at the same 
time. Similarly, information concerning antibody secretion is 
necessary to evaluate the compatibility of the instructive theory 
with the “‘anamnestic response.””? The present work was under- 
taken, therefore, to answer the question: does the antibody- 
producing cell survive the process of secretion? 

In order to study transport phenomena, isolated cells offer 
advantages over tissue slices and perfused organs. Since lymph 
nodes are among the most active antibody-producing tissues, cells 
isolated from this tissue were used. Some permeability and 
metabolic properties of these isolated cells have been described 
in previous reports (11-13). Contrary to earlier experience 


* A preliminary report was presented at the 44th annual meeting 
of the American Association of Immunologists (1). 

{ This work was supported in part by United States Public 
Health Service grant (E3231) from the National Institute for 
Allergy and Infectious Diseases and by a contract with the Re- 
search and Development Division, Office of the Surgeon General, 
Department of the Army, recommended by the Commission on 
Cutaneous Diseases, Armed Forces Epidemiological Board (Con- 
tract No. USDA-49-007-MD-697). 

1 ‘The demonstration of hyperregeneration proves the prefor- 
mation and the chemical individuality of the corresponding anti- 
bodies which the cell constantly produces and which can be given 
off to the blood after the manner of a secretion’’ (from reference 
2). 

2 An animal which has once produced antibodies in response to 
a given antigen will respond to a subsequent injection of the same 
antigen with accelerated and increased antibody production. 
This phenomenon is defined as ‘‘anamnestic response.”’ 

3 E. Helmreich, and D. M. Kipnis, manuscript in preparation. 
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(14, 15) isolated lymph node cells readily incorporate amino acids 
into antibodies. Hence the necessary prerequisite was met for 
a study of synthesis de novo and secretion of antibody by isolated 
cells in vitro. 

The secretion of antibody represents the final stage in the 
elaboration of these adaptive proteins. Seen in this context, 
antibody secretion is relevant to the mechanisms in general by 
which cells from glandular tissues release specific proteins. In 
effect, the present work attempts to distinguish experimentally 
between holocrine and merocrine mechanisms of extrusion, i.e. 
between cell lysis, or extensive cytoplasmic shedding, and a 
specific mechanism which allows a persistently viable cell to 
secrete a particular protein. 


EXPERIMENTAL PROCEDURE 


Immunization—Rabbits weighing 2 to 2.5 kg were treated by 
injection in their footpads with a total of 4.8 mg of DNP-bovine 
y-globulin‘ in 1.6 ml of an emulsion of the Freund type (16). 
The antigen contained between 50 to 70 moles of DNP/160,000 
g of bovine y-globulin. The preparation and _spectrophoto- 
metric analyses of DNP-protein antigens were described pre- 
viously (17, 18). For control experiments, rabbits were treated 
by injection with Freund’s adjuvant alone. Anti-egg albumin 


sera were prepared by treating the rabbits by injection with 48 | 


mg of crystallized egg albumin in Freund’s adjuvant. 
Preparation of y-Globulin Fractions of Antisera—One to three 
months after antigen injections, rabbits were bled and their sera 
analyzed for anti-DNP-antibody or for anti-egg albumin anti- 
body by precipitin analyses (19, 20). Anti-DNP-sera and anti- 
egg albumin sera containing more than 1 mg of antibody per ml 
were pooled and y-globulin fractions were prepared from 2-fold 
dilutions of the serum pools by precipitation at 1.75 m (NH,)2S0,, 
at pH 7.4. The precipitated protein was dissolved in a small 
amount of H,O and dialyzed in the cold against repeated changes 
of large volumes of 0.15 m NaCl, 0.01 m phosphate, pH 7.4. The 
solutions were cleared by centrifugation and stored frozen. The 
total protein concentration of these solutions was determined 
from absorbancy at 278 my; the extinction coefficient used was 
the value found for purified rabbit antibody (£1, 13.6) (20).! 
Antibody concentrations of the y-globulin fractions were meas- 
ured by quantitative precipitin analyses. The anti-DNP-7- 
globulin preparations had from 60 to 100 mg of protein per ml, of 
which 7 to 8% was anti-DNP-antibody. The anti-egg albumin 


y-globulin preparations had from 60 to 80 mg of protein per ml, | 


of which 13 to 14% was anti-egg albumin antibody. 
‘ The abbreviation used is: DNP-, 2, 4-dinitrophenyl. 


‘ F. S. Farah, M. Kern, and H. N. Eisen, J. Exptl. Med. 112, 1199 | 


(1960). 
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Preparation of Lymph Node Cells—Four to eight weeks after 
the injections into the footpad, the rabbits* were exsanguinated 
by heart puncture, and the axillary, popliteal, and superficial 
inguinal lymph nodes were removed. Cells were teased from 
lymph nodes as described (11, 18). In addition, cells in the 
remaining lymph node pulp residue were liberated by gentle 
stirring with a slowly revolving magnetic stirrer, under a stream 
of 100% Oz for 1 hour according to Attardi et al. (21). The 
residual tissue was removed by filtering through cotton gauze. 
“Teased”’ cells and “pulp” cells were combined, collected by 
centrifugation at 140 x g for 10 minutes, and were washed once 
with fresh medium. The packed cells were finally resuspended 
in the medium used for incubation (see below) and filtered 
through stainless steel wire cloth (18). All operations were 
carried out at ~4°. Cell mass per milliliter of fina] cell suspen- 
sion was determined by measurement of optical density at 660 
mu. Optical density values were converted to dry weight of 
cells per milliliter by means of an empirical calibration curve 
which was obtained for rabbit lymph node cells in the same man- 
ner as described previously for guinea pig lymph node cells (22). 
On the average, one rabbit yielded about 1.7 g of lymph nodes, 
wet weight, from which approximately 0.2 to 0.3 ml of packed 
cells were isolated, corresponding to 5.1 to 7.7 < 108 cells or 26.1 
to 39.2 mg of cells, dry weight. Concentration of cells did not 
change with prolonged time of incubation, 6 hours, at 37°, as 
determined from measurement of packed cell volumes before 
and after incubation. 

Media—The complete composition of the incubation medium 
is given in the legend of Fig. 3. The pH of the NaHCO;-buffered 
incubation medium was adjusted to 7.6 with 5% CO, at 37°. 
For long-term incubations, phenol red was added. The medium 
used for isolation of lymph node cells was identical, in respect to 
salts, with the final medium used in the experimental incubations, 
but it was modified by buffering with 0.01 m Tris adjusted to pH 
74 with HCl. The medium used for isolating cells was also 
fortified with vitamins in amounts recommended by Eagle (23) 
and with 1 X 10-® m inositol, but amino acids, penicillin, phenol 
red, and bicarbonate were omitted. 

General Procedure—Cells were incubated in siliconized vessels 
in the Warburg apparatus. Usually 3 ml of cell suspension con- 
taining about 6 x 10’ cells per m] were placed in the main space. 
No alkali was added to the centerwell. At the beginning of each 
experiment, 15 to 20 minutes were allowed for gas and tempera- 
ture equilibration, and during this interval the cells were mixed 
only by occasional gentle shaking. At the end of the equilibra- 
tion period the experiment was started by introducing labeled 
amino acid from the side arm. Cells were not shaken during the 
experimental period and settled slowly. Occasionally O, con- 
sumption and CO, production were measured with the use of a 
manometric technique described in a previous publication (11), 
in order to assure viability of cells. Experiments were termi- 
nated by rapidly transferring cells from Warburg vessels into 
precooled McNaught type’ centrifuge tubes. Cells and medium 
were rapidly separated at 1300 x g for 5 minutes at ~0°. 
Packed cell volumes were read (11, 18) and the supernatants 
were quantitatively removed to thick-walled tubes. The tubes 
containing the cell pellets were rinsed once with ice-cold medium 


* Antibody concentrations ranged from 1 to 3 mg of DNP-spe- 
tific antibody per ml of serum. 
"These tubes were obtained from the A. S. Aloe Company. 
manufacturer’s calibrations were found to be reliable. 


E. Helmreich, M. Kern, and H. N. Eisen 
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(as used for isolating cells), and the pellets were resuspended 
evenly in 3 ml of medium and quantitatively transferred to thick- 
walled tubes. Excess unlabeled amino acid, corresponding to the 
isotopically labeled amino acid used in the experiment, was 
added to both the cell supernatant and the resuspended cells. 
To both samples merthiolate® was added to a final concentration 
of 1 x 10-5 m and both samples were quickly frozen and thawed 
three times by alternate immersion in CO.-methyl Cellosolve 
(ethylene glycol monomethy] ether) and in a water bath at 55°. 
The disrupted cells were forced repeatedly through a 22-gauge 
needle or a thin glass capillary. Cell lysates and cell superna- 
tants were then centrifuged for 60 minutes at 105,000 « gina 
Spinco model L ultracentrifuge. The clear solutions derived 
from cell extracts and corresponding extracellular media were 
assayed for isotopically labeled antibody. 

Antibody Assay—Radioactive antibody was assayed by copre- 
cipitation with carrier anti-DNP-antibody and DNP-bovine 
y-globulin, followed by specific elution of antibody from the 
precipitates with a hapten of high affinity, e-N-DNP-lysine. The 
basis for this assay has been described elsewhere (20).5 Anti- 
DNP-antibody (0.5 ml), in the form of a y-globulin fraction of 
antiserum, and 0.05 ml of DNP-bovine y-globulin (0.575 mg of 
protein) were added to each sample. These quantities corre- 
spond to antigen-antibody equivalence and yielded 3.8 mg of 
protein per precipitate. After 15 to 30 minutes at ~25°, strep- 
tomycin sulfate was added to a final concentration of 5 X 10-? M, 
and the samples were allowed to stand an additional 15 minutes 
at the same temperature (20).5 Precipitates were then collected 
by centrifugation at 9000 x g for 10 minutes in the cold and were 
washed three times in the cold with 0.15 m NaCl, 0.01 m phos- 
phate, pH 7.4, containing 5 x 10-? m streptomycin sulfate. 
After the last washing, the precipitates were drained and resus- 
pended in 2 ml of 0.01 m glycylglycine, pH 7.6, and incubated 
for 30 minutes at 45°. The precipitates were centrifuged at room 
temperature and aliquots of the supernatant, “mock eluate,” 
were counted. The drained precipitates were next resuspended 
and reincubated again under identical conditions in 2 ml of buffer 
containing e-N-DNP-lysine (~5 x 10-3 The final super- 
natants “specific eluate,’ were counted. Fig. 1 schematizes the 
assay. 

Radwoactinty Measurements—C"*-labeled materials were plated 
on aluminum planchets (3 x 3 cm) to which 1 drop of 10% 
“Laboratory Aerosol” and, occasionally, 1 drop of 2% sucrose 
were added. The samples were dried, weighed, and counted 
with a thin end window geiger tube on a Nuclear Chicago D46 
gas flow counter. The background was 14 ¢.p.m. Self-absorp- 
tion corrections were applied from an empirical curve. Sample | 
weights nearly always ranged between 2 and 3 mg without addi- 
tion of sucrose. 

H?-labeled proteins were treated essentially according to 
Schneider’s procedure (24). After 3 to 15 hours in 5 to 10% 
trichloroacetic acid in the cold, protein precipitates were washed 
twice with cold trichloroacetic acid and extracted once with 
ethanol-ether (3:1) at 50° for 15 minutes. After another wash- 
ing with 5% trichloroacetic acid at room temperature, the precipi- 
tates were extracted with 5% trichloroacetic acid at 90° for 15 
minutes, followed by an additional washing with trichloroacetic 
acid and an additional extraction with ethanol-ether (3:1) at 
room temperature. The precipitates were finally extracted with 
peroxide-free ether and dried. Besides eliminating possible 


8 Merthiolate sodium (1:1000 solution). 
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Antibody Assay 
Cell Suspension 


| 1300 X g, (5’) | 
Cells Medium 
Freeze-thaw, 3X, 


C2? amino acid 
105,000 X g, (60’) 


| | | 


Residue Cell extract Medium Residue 


DN P-bovine 
y-globulin, 
carrier anti- 
DNP-antibody, 
streptomycin 
Specific precipitate Specific precipitate 
Wash 3X 
‘“‘mock”’ elution 
DNP-lysine elution 


Antibody 
Extracellular 


Antibody 
Intracellular 


Fic. 1 


radioactive lipid and nucleic acid contaminants, this procedure 
was necessary in order to remove e-N-DNP-lysine which 
quenched fluorescence. The white dry precipitates were dis- 
solved in 1 ml of hydroxide of Hyamine 10X (Rohm and Haas), 
p-(diisobuty]-cresoxyethyl)dimethylbenzyl ammonium hydrox- 
ide, after cursory incubation for 30 to 60 minutes at 60-70°, and 
the solutions were then transferred quantitatively into vials? 
with 10 ml of a toluene solution (reagent grade) containing 2, 5- 
diphenyloxazole (~4 g per liter, scintillation grade) and 1 ,4-bis- 
2’(5’-phenyloxazolyl) benzene, (0.1 g per liter, scintillation grade). 
The samples were stored in the dark at ~—15° for at least 1 
hour before counting in a Packard Tri-Carb liquid scintillation 
spectrometer. Samples which contained both C™“ and H? were 
counted at two discriminating voltages. For example a 10 to 
100 volt channel recorded both C'™- and H*-impulses, whereas a 
100 to >100 volt channel recorded only C'-impulses (0.55 to 
0.65 of the value obtained for C™“ at 10 to 100 volts). With 
appropriate isotope standards, C'-benzoic acid and H?-toluene, 
the distribution of H*- and C™-impulses and the counting effi- 
ciencies at the two channels were determined. The background 
was 50 and 40 c.p.m., respectively, in the 10 to 100 and 100 to 
>100 volt ranges. 

Preparation of 2,4-Dinitrophenyl Derivative of C-labeled Antt- 
body—From a pool of C'*-antibody purified from several samples 
by the assay procedure (Fig. 1), protein was precipitated with 5% 
trichloroacetic acid. The precipitate (5,880 c.p.m.) was washed 
five times with 5% trichloroacetic acid, three times with ethanol- 
ether (3:1), and once with peroxide-free ether. The dry precipi- 
tate (19 mg) was allowed to react with 2 ,4-dinitrofluorobenzene 
and the substituted protein was then washed with H.O, ethanol, 
and ether (25). The dry DNP-protein (14.7 mg) was hydrolyzed 
in 2 ml of 6 n HCl for 22 hours at 95-100°. The hydrolysate 
was diluted 2- to 3-fold with H.O and extracted three times with 
peroxide-free ether. Aliquots of the ether extract and of the 
aqueous phase were plated and counted. 


* Low potassium carbonate glass vials for scintillation spec- 
trometry were used. (Packard Instrument Company, Inc.). 


Secretion of Antibody 


Ninhydrin Treatment of C-labeled Antibody—C-anti-DNP- 
antibody obtained by our standard assay from cells which had 
been incubated with 1-C'-p1-leucine was treated with ninhydrin 
by Van Slyke’s method (61). Ninhydrin (100 mg) was added in 
a closed system to each of three samples. Two contained C™. 


antibody (2,370 c.p.m.) and the third contained in addition to © 


C'-antibody free 1-C*-leucine (40,000 c.p.m.). After being 
kept at 100° for 15 minutes at pH 1, the reaction mixtures were 
shaken for 17 hours at 40°. The CO, liberated was absorbed 
in 0.5 ml of 1 N NaOH and counted. 

Measurement of Aldolase Activity—After incubation, without 
phenol red, cells and medium were separated and aliquots of the 
medium were tested directly for aldolase activity. Packed cells 
were disrupted in the cold by addition of double-distilled water 
and by forcing the suspension repeatedly through a 22-gauge 
needle. The homogenate was then diluted with Tris-buffered 
medium and cell debris was sedimented at 105,000 x g for 60 
minutes. Aliquots of the clear supernatant (cell extract) were 
tested for aldolase. Aldolase was assayed as described in the 
legend to Table III. With heat-inactivated test samples, no 
oxidation of DPNH was detected. The change of absorbancy 
was linear with increased volumes of test solution added. The 
absence of significant inhibitors in the cell extracts was demon- 
strated by recharging an exhausted reaction mixture with an 
excess of fresh aldolase and of the other reactants. In order to 


assure that neither substrate nor DPNH becomes rate limiting, | 
samples were diluted for routine assay in order to give a A ab- © 


sorbancy not exceeding 0.300. 

Materials—Bovine y-globulin and crystallized egg albumin 
were obtained from Armour and Company. Rabbit y-globulin 
was a product of Pentex, Inc. Methods previously described 
were used to prepare DNP-bovine y-globulin, (17, 18) and 
e-N-DNP-lysine (25). 


Ninhydrin was obtained from Dougherty Chemicals. 
fluid, (S.F. 96) was a product of General Electric, Silicone Prod- 
ucts Department. ‘Laboratory Aerosol,” a 10% solution of 
dioctyl sodium sulfosuccinate in H,O and “mutual” solvent, was 
a product of Fisher Scientific Company. Reagents and stand- 
ards used for radioactivity measurements of H?-labeled materials 
were purchased from the Packard Instrument Company, Ine. 
Carboxymethy! cellulose (26), reagent grade, Type 40, was 
purchased from Brown Company. It was washed repeatedly 
and alternately with 0.5 n NaOH and with H.O until neutral 
and then equilibrated with 0.1 m sodium acetate, pH 5.5. Crys- 
talline papain (Lot No. 5459) was a product of Worthington Bio- 
chemical Corporation. Other crystalline enzymes, substrates, 
coenzymes, and buffer used for the enzymatic measurements were 
either obtained from C. F. Boehringer and Sons, GmbH., Mann- 
heim, Germany, or from Sigma Chemical Company. Amino 
acids, vitamins, inositol, glucose, and Tris were C.P. or A.CS. 
grade products. pi-Leucine-1-C%, specific activity ranging from 
8 to 9.3 uc per umole, and pt-leucine-4,5-H?, specific activity 


3,500 uc per umole, were products of the New England Nuclear 


Corporation. 


RESULTS 


Validity of Assay for Antibody—As a consequence of their | 


high degree of specificity and sensitivity, immune reactions are 
attractive for the specific isolation and identification of trace 


amounts of isotopically labeled materials in studies of the bio- | 
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synthesis of proteins. The reliability of protein :antiprotein 
immune reactions is, however, seriously impaired by the im- 
munologically active trace contaminants in nearly all protein 
antigens, and, correspondingly, by contaminating antibodies 
jn antisera. Artefacts, arising from antibodies to the impurities, 
may be minimized by the use of an immune system whose speci- 
ficity is determined by chemically defined groups, haptens. Such 
systems offer, furthermore, the possibility that haptens can be 
used to elute antibody of the desired specificity from precipitates. 
This property was exploited in the assay procedure adopted for 
this work. 

The validity of the assay for anti-D NP-antibodies was estab- 
lished in four ways (Table I). (a) Blanks were determined 
routinely by eluting the specific precipitates under identical 
conditions but without hapten (referred to as “mock” elution). 
Radioactivity of the blank eluates was nearly always 10% 
or less of the radioactivity eluted with hapten (Table I). All 
data reported in this work were corrected for these blanks. (6) 
By deliberately altering the conditions at which specific elution 
was carried out, the amount of antibody extracted was varied 
from 30 to 80% of antibody in the precipitates. In all instances, 
with any given cell preparation and specific precipitate, the 
specific activity of the eluted protein’ (c.p.m. per mg of protein) 
was constant to within +15%. (c) Results obtained by hapten 
elution of antibody were in agreement with analyses based exclu- 
sively on coprecipitation (Table I). The latter method, which 
has been widely used for measurements of antibody production 
(14, 27-29), is laborious and time consuming. In usual practice 
this alternate method involves coprecipitation of radioactive 
antibody of the desired specificity after nonspecific radioactivity 
has been removed by sequential precipitation with large amounts 
of the reactants of an unrelated immune system. The results 
and pertinent procedural details of a comparison of the two assays 
aregiven in Table I. (d) Cells obtained from rabbits which were 
treated by injection with Freund’s adjuvant alone, without the 
DNP-antigen, served as biological control. Radioactivity of 
é-V-DNP-lysine eluates from these cell samples were less than 
2% of the radioactivity from cells of rabbits immunized with 
DNP-bovine y-globulin in Freund’s adjuvant (Table I). Radio- 
activity in the total trichloroacetic acid-precipitated protein 
indicates that both cell preparations were otherwise the same 
in their over-all metabolic activity. 

Evidence of Incorporation of Isotopic Amino Acids in a-Peptide 
Bonds in y-Globulins—Antibody labeled in vitro by incubation 
of cells with C!4-leucine was isolated by hapten elution according 
to the assay procedure described above. The protein was pre- 
cipitated with 5% trichloroacetic acid, allowed to react with 
2,4-dinitrofluorobenzene, hydrolyzed, and extracted with ether 
(25). No radioactivity was found in the ether extract. A total 
of 2000 c.p.m. was recovered in the aqueous HCl phase. Hence 
the DNP-specific C'-leucyl antibody produced by these cells 
does not contain free leucy] amino groups. 

After ninhydrin treatment of C“-antibody which was isolated 
by the routine assay procedure, no CO, was liberated (14 


For determination of protein, the eluates were extensively 
dialyzed to remove e-N-DNP-lysine as far as possible and absorb- 
ancies were determined at 278 mz and 360 mz. Protein concentra- 
tions were calculated from the absorbancy at 278 my, and correc- 
ions were made for the contribution of residual e-N-DNP-lysine 
at this wave length. This contribution was estimated from the 
absorption spectrum of e-N-DNP-lysine and is equal to the ab- 
sorbancy at 360 mu X 0.36. 
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TaBLe I 
Validation of antibody assay 


The cell suspensions (3.1 ml) were analyzed without separation 
of cells from medium. A single pool of cells was used for Experi- 
ments No. la and 1b. Aerobic incubation with 0.4 umole of C- 
pL-leucine lasted for 1 hour at 37°. Variations in antibody pro- 
duction between experiments are caused by the use of varying 
umounts of cells from rabbits in various stages of immunization. 


Analyzed by 
Tri- 
precipitate made 33 elution recipi 
ae 
<3) 
c.p.m c.p.m c.p.m. c.p.m. 
la) DNP-bovine y- | DNP-system 40' 300 260 
globulin 
1b; DNP-bovine y- | Egg albumin 
globulin systemf 20 
DNP-bovine y- | DNP-sys- 
globulin temt 230 210 
2 | Freund’s adju- | DNP-system 10' 60 50 43,000 
vant 
3 | DNP-bovine y- | DNP-system 165 3,335 3,170 51,000 
globulin 


* DNP-system refers to specific precipitates formed by addi- 
tion of 0.5 ml of a y-globulin fraction of anti-DNP-serum and 0.575 
mg of DNP-bovine y-globulin. Egg albumin system refers to 
addition of 0.25 ml of a y-globulin fraction of anti-egg albumin 
serum and 0.305 mg of egg albumin. The precipitates were 3.8 
mg of protein in each case. 

tT Anti-egg albumin and egg albumin were added to the sample 
and incubated for 60 minutes at 37° followed by 24 hours at 4°. 
After removal of the precipitate (10 mg of protein), there were 
added to the supernatants again anti-egg albumin and egg albumin 
and incubation was carried out as before. After removal of the 
second precipitate (10 mg of protein), the supernatant was di- 
vided into equal halves. To one part anti-egg albumin and egg 
albumin were added; to the other part anti-DNP-bovine y-glo- 
bulin and DNP-bovine y-globulin were added in order to yield in 
both samples equal amounts of precipitates (3.8 mg of protein). 
After repeated washing, the latter two precipitates were dissolved 
in 0.5 N acetic acid and counted. 


¢.p.m.), and the control sample to which 1-C"-leucine had been 
added yielded 37,400 c.p.m. (95% yield). Hence the C"-anti- 
body isolated for routine assay contains no free leucyl carboxy] 
groups. 

In another experiment, C'-antibody, isolated from cells, was 
mixed with carrier amounts of rabbit y-globulin and digested 
with papain according to Porter (30). Two fractions were 
distinguished on a carboxymethy] cellulose column. Only these 
two fractions contained radioactivity, and the radioactivity 
followed closely the distribution of protein (Fig. 2). These two 
fractions resemble Fractions I and II obtained by Porter from 
papain digests of rabbit y-globulin. Fraction III was not re- 
covered, possibly because the C™-protein, before papain digestion, 
was exposed to an elevated temperature of 50°. The specific 
activities of recovered Fractions I and II (c.p.m. per absorbancy 
at 278 my) were nearly the same, in agreement with Porter’s ex- 
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Fic. 2. Papain-digested C!4-antibody. Pooled, purified, 
antibody (7,550 c.p.m.) derived from several cell experiments was 
dialyzed against 0.01 m phosphate, pH 7.5, in the cold. After 
dialysis, the material was lyophilized and then taken up in 3.3 
ml of 0.1 mM potassium-phosphate, pH 7.4. Insoluble material 
was removed by centrifugation. To the supernatant (3 ml, con- 
taining 4.9 mg of protein and 3915 c.p.m.) were added 10 mg of 
rabbit y-globulin (as carrier), 0.45 ml of 1 M potassium-phosphate, 
pH 7.4, 0.35 ml of 0.16 Mm cysteine HCl, 0.45 ml of 0.02 m EDTA 
(ethylenediaminetetraacetic acid tetrasodium salt), and 0.05 ml 
of crystallized papain (0.4%) (30). The reaction mixture was 
incubated for 31 hours at 37°. The digest was then dialyzed in 
the cold against repeated changes of 0.01 M acetate, pH 5.5. The 
dialyzed material was cleared by centrifugation. It contained 
7.35 mg of protein and 2,228 c¢c.p.m. All of this material was chro- 
matogrammed on a carboxymethyleellulose column (26) as de- 
scribed by Porter (30). Effluent fractions (2 ml) were analyzed 
for absorbancy at 278 my and aliquots were counted. O, ¢.p.m. 


(C¥); @, A (278 mu). ae 


periments (30). Approximately 90% of the protein and 70% 
of the radioactivity were recovered from the column. 

Kinetics of Antibody Synthesis and Release—Radioactivity 
appears in intracellular antibody without a lag and increases at 
a constant rate up to 60 minutes, after which an apparent steady 
state is reached and is maintained for many hours (Fig. 3). In 
the extracellular medium, however, radioactive antibody appears 
only after about 30 minutes (Fig. 4) and increases thereafter 
linearly with time (Fig. 3). However, cells which already con- 
tain radioactive antibody as a consequence of preincubation with 
labeled amino acids secrete antibodies without a lag when washed 
and resuspended in fresh medium (Fig. 5)." 

In order to exclude the possibility that the initial lag in the 
appearance of antibody in the medium (Figs. 3 and 4) merely 
reflects the adaptation of cells to conditions in vitro, H*-leucine 
and C"-leucine were added sequentially to cells (Fig. 6). H?- 
leucine was added at the beginning of the incubation in mtro. 
At 60 minutes, when the cells were already secreting H*-labeled 
antibody at a constant rate, C'-leucine was added. There is no 
lag in the rate of incorporation of either H*-leucine or C'*-leucine 
into intracellular antibody, but there is again a pronounced lag 


11 Aerobically at 37°, the resuspended cells continued to syn- 
thesize and to secrete radioactive antibodies, the rates of both 
processes being essentially equal. When, however, the cells were 
reincubated anaerobically, or at 4°, they no longer incorporated 
amino acids into antibody and no longer secreted C'4-antibody 
(Fig. 5). Since antibody synthesis and secretion are both de- 
pendent on temperature and oxygen, it appears that secretion is 
also an energy-dependent process. 
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Fic. 3. Time course of antibody synthesis and release. The 
amount of cells necessary for optimal incorporation of labeled 
amino acids into anti-DNP-antibodies ranged from 1 to 2 X 10 
cells per vessel (3 ml). Cells taken 24 to 4 weeks after immuni- 
zation were most active in synthesizing antibodies. Cells taken 
44 months after primary immunization were virtually inactive in 
respect to antibody synthesis, although their activity in respect 
to incorporation of amino acids into trichloroacetic acid-precipit- 
able protein was at the usual level. 


Cells (1 X 108) were incubated in 3 ml of medium containing 
the following in ymoles. NaCl 360; KCl 18; CaCl: 6; MgSO, 3; 
NasHPOQ, 6; NaHCO; 75; .t-cystine 0.15; L-tyrosine 0.30; L- 
tryptophane 0.12; L-phenylalanine 0.30; L-threonine 0.60; L-histi- 
dine 0.15; L-arginine 0.30; L-valine 0.60; L-lysine 0.60; L-isoleucine 
0.60; L-methionine 0.15; L-aspartic acid 0.30; glycine 0.30; L-proline 
0.30; L-serine 0.30; L-glutamic acid 0.30; L-alanine 0.30; glutamine 
6.0; inositol 0.003; p-glucose 66; phenol red 0.168; G-penicillin 
(K-salt) 750 units. Vitamins were added as recommended by 
Eagle (23). pH of the cell suspension, 7.6; 0.40 umoles of pti-leu- 
cine-1-C* contained in 0.1 ml of H:O was placed in the sidearm. | 
Gas phase: 95% O2-5% CO2z; temperature 37°. @, total C"-anti- 
body, ¢.p.m.; @, secreted C'‘-antibody, c.p.m.; O C"*-antibody | 
isolated from cells, c.p.m. 


2100 


H>- ANTIBODY 


MINUTES 


Fic. 4. Lag phase in appearance of H?-antibody in medium. 
For experimental details see legend to Fig. 3 and general proce- 
dure. 0.026 umole of H3-pu-leucine (in 0.1 ml of H,O) was added 
to 3 ml of cell suspension. Gas phase: 95% O2-5% COs; tempera- 
ture 37°. @, secreted H*-antibody, c.p.m.; O, H*-antibody 180- _ 
lated from cells, c.p.m. 
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Fic. 5. Secretion of antibody by reincubated cells, containing 
C'-antibody. 3 X 108 cells per vessel (3 ml) were preincubated 
for 1 hour at 37° in 95% O2-5% COz with 0.4 umole of C'4-pL-leu- 
cine in a fully supplemented medium. (See legend to Fig. 3.) 
At the end of the preincubation period, the cells were sepa- 
rated from medium by centrifugation (10 minutes at 80 xX 4g), 
washed once, and resuspended in fresh complete medium (iden- 
tical with that used for incubating cells). Cell suspensions (3 ml) 
were placed in each vessel and reincubation was started by ad- 
dition of C!*-pu-leucine (0.4 umole in 0.1 ml of H.O). Reincuba- 
tion was carried out at 37° in 95% O2-5% CO: or in 95% Argon- 
5% COr. @, total C'*-antibody, c.p.m.; @, secreted C'*-anti- 
body, c.p.m. 


in the appearance of C'*4-antibody in the extracellular fluid (Fig. 
6). 

Intracellular Distribution of H*-antibody—Kern et al. (31)” 
demonstrated previously that antibody activity is firmly asso- 
ciated with the microsomal fraction of lymph nodes. If anti- 
bodies acquire their definitive fine structure in microsomes, the 
lag in secretion could reflect the time required for release of this 
newly made protein from this possible synthetic site. In such a 
case intracellular antibody should be predominantly associated 
with these particles and there should be little or none in the cell 
sap. It is however equally possible that the lag in secretion 
represents the time necessary for translocation of newly synthe- 
sized antibody from the soluble phase of the cells (cell sap) into 
the medium. In order to discriminate between these possi- 
bilities, the distribution of intracellular antibody was followed 
with time. 

Cells were homogenized thoroughly after incubation for vari- 
ous times with H*-leucine. The cell lysates were fractionated by 
differential centrifugation into cell debris (pellet A), a high speed 
particulate fraction (pellet B), and cell sap. Pellets A and B 
were disrupted and debris was sedimented at 105,000 x g for 
60 minutes. The supernatants were assayed for radioactive 
antibody after addition of unlabeled leucine and merthiolate. 
Medium and cell sap were treated identically in order to make 
all results comparable. 

The results (Table II) demonstrate that most of the intracel- 
lular H?-labeled antibody was in the cell sap. This was so even 
at 2 minutes and at 10 minutes when there was no labeled anti- 
body in the medium. These data indicate that the lag phase in 
the secretion of radioactive antibody reflects the time required 
for translocation of antibody from cell sap to medium. 


hi Kern, E. Helmreich, and H. N. Eisen, manuscript in prep- 
on. 
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Fig. 6. Demonstration of lag in secretion of radioactive anti- 
body by sequential addition of H*-leucine and C'*-leucine. For 
experimental details see legend to Fig. 3 and general procedure. 
1 X 10’ c.p.m. (in 0.1 ml of and 1.8 X 10%¢.p.m. 
C'4-pL-leucine (in 0.1 ml of H:O) were added sequentially to cells 
(3 ml) as indicated. 

@, secreted H*-antibody, c.p.m.; O, H*-antibody isolated from 
cells, c.p.m.; secreted C'4-antibody, c.p.m.; 0, C'*-antibody 
isolated from cells, c.p.m.; ......... , theoretical curve. This theo- 
retical curve is based on the assumption that there is instanta- 
neous mixing of newly formed antibody with the intracellular 
antibody pool, z7.e.1 — X/B = e-*‘/B. where X represents the 
amount of radioactive antibody present in the pool at time ¢, B 
the total intracellular antibody pool, and K equals the rate at 
which antibody enters and leaves the pool. We are indebted to 
Dr. D. Haimo and to Dr. C. W. Parker, Washington University, 
St. Louis, Missouri for the integrated equation and for valuable 
discussions concerning the theoretical curve. 


TaBLeE II 
Intracellular distribution of H*-antibody 


After incubation with 2 X 10’ c.p.m. H*-pL-leucine per vessel 
(see legend to Fig. 3) cells and media from four vessels were col- 
lected. The combined packed cells (1.12 ml) were disrupted by 
addition of 2 ml of double-distilled HO and by being forced re- 
peatedly through a 22-gauge needle. The cell homogenate was 
diluted with an equal volume of a medium containing 700 umoles 
of sucrose, 50 umoles of KCl, 8 umoles of MgCl: , and 100 umoles 
of Tris (pH 7.6) and centrifuged at 2000 X g for 15 minutes to yield 
pellet A. The supernatant was then centrifuged at 105,000 x g 
for 60 minutes to yield pellet B and the cell sap (supernatant). 
Pellet A and pellet B were each taken up in 3 ml of phosphate 
(0.01 m) and NaCl (0.15 m), and antibody was extracted by alter- 
nate freezing and thawing (see text and general procedure). 


Time of incubation 
(minutes) 
Fractions 
2 | 10 60 
c.p.m.* 
Medium (outside)................ 0 50 24,480 
Cells—Pellet A (2000 XK g)........ 1,000 7,100 15,750 
Cells—Pellet B (2000 X g to 
430 1,070 2,380 
Cells—Sap (>105,000 X g)....... 1,490 6,290 24,210 
Ratio of cell sap to medium...... « 125 1 
Ratio of cell sap to pellet B...... 3 6 10 


*c.p.m. H?-antibody. 
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III 
Aldolase* activity in extracellular medium 


Cells (5 to 6 X 10’) derived from one pool were incubated in 3 
ml of medium in each instance. Gas phase: 95% O2-5% COz or 
95°>o Argon-5°% COe; temperature, 37°. Aliquots of the cell ex- 
tract (see ‘‘Experimental Procedure’’) and the medium were as- 
sayed for aldolase activity. The reaction mixture (3 ml, pH 7.4), 
contained for assay purposes: 168 wmoles, 2,4,6-trimethylpyri- 
dine, 0.9 umole of iodoacetate, 6 wmoles of fructose-1,6-diphos- 
phate, 1 wzmole of DPNH, 20 ug of a mixture of crystallized a-glyc- 
erophosphate dehydrogenase and triosephosphate dehydrogenase. 
After preliminary incubation for 5 minutes at 37° to remove pos- 
sible traces of dihydroxyacetone phosphate (in fructose-1,6-di- 
phosphate), the aldolase reaction was started by addition of 0.01 
to 0.1 ml of test solution. Incubations were at 37°. Absorbancy 
was measured at 340 my. Activity is expressed as AA for the 
period between 23 and 20 minutes of incubation. The values ob- 
tained are corrected for dilution, in order to give a measure of the 
activity of the whole sample. 


Sample Incubation | Aerobic Anaerobic 

AA AA 
Extracellular Medium...... O- | . 200 .160 
Extracellular Medium...... 10 | .390 . 330 
Extracellular Medium...... .400 310 
Extracellular Medium...... .360 .310 
Extracellular Medium...... .380 .340 
| 0 | 5.9 


* The kinetics of the release of the soluble (34) intracellular 
enzyme, lactic dehydrogenase, into the medium were identical 
with that reported for aldolase. Somewhat more lactic dehydro- 
genase than aldolase was found in the medium, aerobically and 
anaerobically. It was difficult, however, to relate lactic dehydro- 
genase activity in the medium to that in the cells, because other 
DPN-linked reactions make it difficult to obtain a reliable esti- 
mate of this enzyme’s activity in cell homogenates. 


Pellet A contains considerable radioactive antibody which 
increases rather rapidly with time. This fraction might be con- 
taminated by some intact cells besides containing cell membranes 
and nuclei. Because of the heterogeneity of this fraction, inter- 
pretation of these data is deferred. It is of some interest, how- 
ever, to look at the changes with time in the intracellular distribu- 
tion of radioactive antibody between pellet B, which contains 
microsomes and mitochondria, and the cell sap. Even at 2 
minutes there is a substantial fraction of radioactive antibody 
in pellet B. This increases only slowly with time whereas the 
concentration of intracellular antibody in the cell sap increases 
much more rapidly. This time course is compatible with the 
prevailing notion that proteins are synthesized in subcellular 
particles, (32) and are then continuously released from these 
particles into the cell sap. 

Secretion of Antibodies by Cells—There is, at present, no con- 
vincing evidence that cell lysates are capable of synthesizing 
antibodies. Hence, since antibody is synthesized by lymph 
node cells at a constant rate for many hours (Fig. 3) in order to 
invoke cell lysis as the mechanism by which intracellular antibody 
is released into the medium, it would be necessary to interpret 
the kinetics of antibody synthesis and release as an expression of 
the cumulative death rate of a cell population synchronized with 


13 The claim of Ogata et al. (33) that cell-free homogenates of 
popliteal lymph nodes incorporate C'*-glycine into antibody has 
not been verified by other workers (see reference 14). 
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the production of antibody. In other words, one would have to 
suppose that each time a cell dies and releases its antibody an- 
other cell starts to synthesize antibody. This seems highly 
improbable and becomes even more so in view of the experiment 
reported in Table III. In this experiment the rate of appear- 
ance of aldolase in the medium was followed with time. This 
enzyme, which is apparently localized in the soluble phase of the 
cell (34), appeared at a low level of activity in the medium during 
the first few minutes of incubation at 37°. Thereafter, however, 
aldolase activity in the medium remained unchanged. The 
aldolase activity initially present in the medium at zero time 
probably results from cell damage during preparation of cells, 
and no more than 5% of the total aldolase activity of the cells 
appeared in the medium. Calculated in terms of the actual 
increment after 10 minutes at 37°, the enzyme activity, accumu- 
lated in the medium over 50 minutes, amounted to less than 3% 
of the total aldolase activity in the cells. By contrast, in the 
same time period, radioactive antibody is distributed equally 
between cells and medium (Figs. 3, 6, and Table II). 

The foregoing results virtually exclude extensive cytoplasmic 
shedding or cell lysis as the means by which cells release antibody, 
The view that cell lysis is not related to the appearance of extra- 
cellular antibody is further supported by estimation of the 
amounts of trichloroacetic acid-precipitable radioactivity and 
the time course of its appearance in the extracellular medium. 

In the extracellular medium from a highly active cell prepara- 
tion of hyperimmunized rabbits as much as 50% of the total 
labeled protein, precipitable by trichloroacetic acid, was radio- 
active antibody (Fig. 7). Some representative figures are as 
follows. After incubation of cells with H*-px-leucine for 2} 
hours, the extracellular medium contained 25,000 c.p.m. H* 
labeled antibody, eluted from precipitates, and 54,000 c¢.p.m. 
H as trichloroacetic acid-precipitable protein. By contrast in 
the intracellular phase only about 7 to 8% of the total trichloro- 


acetic acid-precipitated labeled protein was antibody (7,400 | 


¢.p.m. in antibody against 100,000 ¢.p.m. trichloroacetic acid- 
precipitated). Hence it is highly probable that most of the radio- 
active protein secreted by lymph node cells is y-globulin.“ — This 
interpretation is further supported by the finding that the radio- 
active trichloroacetic acid-precipitated protein (non anti-DNP- 
antibody) appears in the extracellular phase with the same secre- 
tory lag as radioactive antibody (Fig. 7).15 In order to evaluate 
this possibility, however, it will be necessary to assay for 7- 
globulin directly, e.g. by means of an antiserum specific for rabbit 
y-globulin. Experiments of this kind are in progress and will 
be reported in a subsequent paper. 


DISCUSSION 


In previous studies of antibody synthesis (14, 27-29) by means 
of incorporation of labeled amino acids, identification of the 
labeled product rested principally on its coprecipitability with 
homologous antibody and antigen. In the present work, the 
identity of the labeled antibody has been verified further by its 
specific interaction with hapten, and this interaction formed the 
basis for the antibody assay used. Additional confidence in the 


14 Experiments of Askonas and Humphrey (14) have indicated 
also that lymph nodes produce total y-globulin in 2 to 3 times the 
amount of anti-egg albumin antibody. 

18 Incorporation of radioactive amino acids into total trichloro- 
acetic acid-precipitable cell protein also occurs without a detect- 
able lag. (Relevant data will be presented in the paper cited in 
Footnote 3.) 
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identification of the labeled product as anti-DNP-antibody is 
provided by control experiments with cells from rabbits which 
were not immunized with DNP-protein (Table I). We feel 
justified, moreover, in concluding from the chromatographic 
analysis of the papain digest and from the results of 2 ,4-dinitro- 
fluorobenzene and ninhydrin treatment of labeled antibody that 
the incorporated amino acid is in a-peptide bond in j7- 
globulin. Although we assume, therefore, that the incorporation 
of radioactive amino acids into antibodies in vitro by cells repre- 
sents synthesis de novo, the only unequivocal proof of this assump- 
tion would be a demonstration of net synthesis. An estimate of 
the amount of net synthesis requires information concerning the 
size of the relevant intracellular amino acid pool. We have 
evaluated the size of this pool in the case of L-leucine by adding 
to a given suspension of cells both H*-leucine and C-leucine 
(Fig. 6). On the assumptions that (a) the specific activity of the 
relevant pool does not change with time, (0) the added amino 
acid equilibrates rapidly with amino acids of the relevant pool,'® 
(c) the C'-leucine and the H*-leucine pool are identical, and (d) 
the rate of synthesis remains constant for the time period of the 
experiment (see Fig. 3), it follows that: 


P = V’a'c — Vac’/Vc’ — 


where P is the intracellular pool (umoles); V and V’ are the rates 
of incorporation of H®- and C-leucine into antibody, respectively 
(c.p.m. min.~!); ¢ and c’ are the amounts of H*- and C-leucine 
added, respectively, in c.p.m.; and a and a’ are the amounts of 
H*- and C!*-L-leucine added, respectively, in umoles. 

In one representative experiment (Fig. 6), the following values 
were obtained: V, 500 ¢.p.m. min.-!; V’, 40 ¢.p.m. min.—}; 
1 X 10’ c.p.m.; c’, 1.8 K 10° ¢.p.m. From the supplier’s esti- 
mate of specific activity (see ““Materials’’) and from the counting 
efficiencies (10% for H* and 40% for C4), it was estimated that 
a was 0.013 umole and a’ was 0.2 umole. On the basis of the 
equation and these values, it was calculated that there were 0.13 
umole of C!?-L-leucine per flask. The packed cell volume in this 
experiment was 165 wl per flask or 80 wl of intracellular water, 
assuming 40% of extracellular water entrapped in the cell pellet 
(11, 18) and assuming a cell water content of 80%. The intra- 
cellular C!-leucine pool was, therefore, about 1.5 10-3 m. In 
experiments with different cell preparations and varying rates of 
incorporation, similar pool sizes were obtained. On the basis 
of this estimate, the rate of incorporation of radioactivity given 
above indicates that there were synthesized 7 & 10-5 umoles or 
about 0.01 ug of antibody per minute per flask (about 4 x 108 
cells)" This calculation, which is based on a leucine content of 


6 The time required for equilibration of the total intracellular 
free leucine pool with H%-pu-leucine, added to the medium in 
amounts used for incorporation studies, z.e. 1 X 107 c.p.m., was 
from 10 to 15 minutes. Nevertheless, this isotopic amino acid 
was incorporated into antibody at a linear rate, which extrap- 
olated to zero incorporation at zero time (Figs. 3, 4, 6). This 
discrepancy could arise from 3 possibilities: (a) inadequate sensi- 
tivity of the assay at early time points; (6) compensating changes 
in the rate of incorporation and in the specific activity of the 
relevant pool during the first 15 minutes of incubation; or, (c) the 
extracellular (isotopic) amino acid might equilibrate much faster 
with a portion of the intracellular pool which is relevant to protein 
synthesis than with the total pool; the size of the hypothetical 

relevant pool,’ in proportion to the total pool, is not known. 
(For relevant data and discussion see paper cited in Footnote 3.) 

"6 Assuming that about 5% of the cells are actually engaged in 
forming a given antibody (21), the rate of antibody synthesis is 


— to be 2,100 antibody molecules per minute per active 
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Fic. 7. Lag in the appearance of radioactive antibody and non- 
antibody protein in medium. The experiment described in Fig. 6 


was supplemented as follows: After removal of the antibody from 
the medium by specific coprecipitation the remaining protein was 
precipitated with 5% trichloroacetic acid and prepared for radio- 
activity measurements as described (see ‘‘Experimental Pro- 
cedure’’). The values for radioacive antibody in the medium, 
shown in Fig. 6, are here replotted for comparison. @, secreted 
H3-antibody, c.p.m.; A, secreted H*-labeled trichloroacetic acid 
precipitable protein, c.p.m.; secreted C'4-antibody, e¢.p.m.; 
A, secreted C'-labeled trichloroacetic acid-precipitable protein, 
¢.p.m. 


rabbit antibody of 7.8% (35) and an antibody molecular weight 


of 160,000, indicates the logistic difficulties involved in following 
antibody synthesis by isolated cells in vitro on the basis of net 
production. 

It is of interest to compare the synthetic capability of isolated 
lymph node cells with other systems. Expressing activity as 
ug of antibody synthesized per hour per g of tissue, wet weight, 
several representative values in the literature are as follows: 
Fragments of spleen from hyperimmunized rabbits produced 10 
ug of anti-egg albumin antibody (14) and 16 ug of anti-diphtheria 
toxoid antibody (28). Isolated spleen cells from hyperim- 
munized rabbits synthesized 16 ug of anti-egg albumin antibody 
(29). Expressed in the same units, a typical preparation of 
isolated lymph node cells produced in the present study about 
10 ug of anti-DNP-antibody. 

Data presented in this paper indicate that in antibody-pro- 
ducing isolated lymph node cells a secretory mechanism specific 
for anti-DNP-antibody and probably for y-globulins generally 
is responsible for the translocation of antibody from the soluble 
phase inside the cells into the medium. The results obtained 
render cell lysis and extensive cytoplasmic shedding unlikely as 
possible means for releasing intracellular antibodies, but some 
special sort of surface or “exoplasmic”’ shedding as proposed by 
Sabin (36) is not ruled out. White (37) and Dougherty (38) 
have ascribed to steroid hormones an important role in the libera- 
tion of antibody by lymphoid cells. Since the proposed hor- 
monal mechanism implies the disintegration of lymphoid cells, 


9 
ve to 
yan- | 
ighly 
ment 
pear- 
the | 
uring 
ever, | 
The | 
time | 
cells, | 
cells | 
ctual | 
umu- | 
n3% | 
n the 
ually | 
asmic 
body. 
extra- 
f the 
and | 
para- | 
total | 
radio- 
ire as 
or 2} | 
p.m. | 
ast in | 
hloro- 
(7,400 | 
acid- 
radio- 
This 
radio- 
DNP- 
secre- 
aluate 
for 
rabbit 
d will | 
means | | 
of the | 
y with | 
k, the § 
by its | 
ed the 
in the 


472 


it is not supported by the present evidence for secretion without 
cytolysis. 

The present finding that antibody secretion is compatible with 
persistent viability of the antibody-producing cell gives no prefer- 
ential support for either “instructive” or “‘selective” theories of 
antibody formation. This finding merely means that a compe- 
tent cell which once has responded to an antigenic stimulus by 
synthesizing and secreting antibody can survive the process. 
Probably it can respond again to a subsequent stimulus." 

Interest in the rate-limiting step in the over-all synthesis of 
protein by cells has focused attention on the question of whether 
there is a detectable lag in the conversion of free amino acids 
into protein. In a number of studies it has been shown that the 
lag is so short as not to be detectable by the most sensitive means 
now available, e.g. in the case of synthesis of B-galactosidase in 
Escherichia coli (42), of bacterial proteins in general (43), and of 
ribonuclease in pancreatic slices (44). In the present work with 
isolated lymph node cells, there also was no detectable lag in the 
appearance of label from added amino acids in either the total 
trichloroacetic acid-insoluble cell protein'® or in a particular 
intracellular antibody. It is probable therefore that the lag 
phase (15 to 20 minutes) which Askonas and Humphrey (14) ob- 
served in the incorporation of C-glycine by lymph node slices 
into anti-egg albumin antibody and other proteins reflects “‘acces- 
sibility barriers or other nonspecific factors’ (45) which are 
inherent in structural complexities of a lymph node slice but 
absent in single cell suspensions. 

Although general experience does not demonstrate a lag in 
incorporation of amino acids into proteins, a number of observa- 
tions reveal a delay in the appearance of labeled proteins in 
extracellular media (46, 47). Green and Anker (48) have termed 
such a delay “transit time” in the case of serum proteins. Simi- 
lar findings have also been reported by Humphrey and Sulitzeanu 
(49) in the case of labeled antibodies in the whole animal, and 
by Askonas and Humphrey in a perfused lung preparation (50) 
and in tissue slices (14). A secretory lag appears, therefore, to 
be a common and characteristic phase in the formation of secreted 
proteins by secretory cells. Peters observed (51, 52) in liver 
slices incubated with C'-amino acids that albumin associated 
with liver microsomes becomes labeled without a lag, whereas 
some time elapses before radioactive albumin is released from the 
particles and becomes soluble and accessible for assay. If gen- 
erally applicable, Peters’ observations suggest that a secretory 
lag could be caused by the time required for secreted proteins to 
be shed by microsomal particles. However our data demonstrate 
no lag in the appearance of labeled antibody in the cell sap, and 
it appears, therefore, that the secretory lag observed with isolated 
lymph node cells is the consequence of a different process, namely 
the translocation of antibodies from cell sap across the externally 
limiting membrane. The possible objection that the lag is 
attributable to the time required for the cells to adapt to condi- 
tions in vitro has been ruled out by the fact that the characteristic 
lag can be demonstrated at all times during the incubation 
period (Figs. 3, 4, 6, 7 and Table II). 

This lag has been ascribed to ‘“‘the time required for the newly 
formed antibody to mix with the pool from which secretion oc- 
curs” (50). This suggestion may be evaluated from the data of 


18 Recent evidence indicates that the life span of lymphoid cells 
(lymphocytes) is considerably longer than had been suspected 
previously (100 to 300 days instead of 1 to 3 days; see references 


39-41). 
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a representative experiment (Fig. 6). The specific activity of _ 
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newly formed antibody is 50,000 c.p.m. per yg since the rate of © 
incorporation of H*-leucine into antibody and the rate of forma. _ 


tion of antibody was 500 c.p.m. per minute and 0.01 ug per min. | 
ute, respectively. Since at steady state, the mass of cells under | 
discussion (Fig. 6) contained 18,000 c.p.m. H?®-antibody, the | 


intracellular antibody pool was 0.36 ug. From these values and 


the assumption of instantaneous mixing of newly formed anti. | 
body and the antibody pool from which secretion occurs, the — 
equation and the theoretical curve of Fig. 6 were derived. The | 
discrepancy between theoretical and experimental values clearly | 
rules out the possibility that the lag reflects merely the time re. | 
quired for newly formed radioactive antibody to mix with cold : 
On the con- | 
trary, the magnitude of the lag demonstrates that antibodies ar | 
secreted in an ordered manner, in the sense that “older” mole. | 
This se- 
cretion by “seniority” suggests pronounced inhomogeneity of fF 
the pool of soluble intracellular antibodies amounting, perhaps, } 
to their stratification according to their time of synthesis. Pos. | 


antibody already present in the intracellular pool. 


cules leave the cells before more newly formed ones. 


sibly this inhomogeneity is related to structural compartmenta- 
tion of the endoplasmic reticulum of antibody-secreting lymph 
node cells. It is interesting in this connection to recall that of 
all the morphologically different cell types in lymph glands, the 
plasma cell is probably the cell type which is most actively con- 
cerned with antibody production (53, 54). 
type whose electron microscopic fine structure (55-57)! re. 


sembles that of the albumin-secreting cells in hen’s oviduct (58) 
and of enzyme-secreting pancreatic cells (59) in their arrange- — 


ment of distended vesicles of the endoplasmic reticulum. 


Whether secretion by “seniority” is a consequence of morpho- | 
logical compartmentation or a reflection of competition for trans- | 
port across the cell membrane cannot be evaluated at present. — 


But whatever its significance may be, inhomogeneity of the 


antibody pool will result in a pronounced delay in appearance | 


of newly synthesized antibody in the medium. 


Porter (30) has discovered that papain splits rabbit y-globulins | 
into three fragments of nearly equal molecular weights which are | 


It is also the cell ; 


separable on carboxymethy] cellulose columns and are designated F 


as Fractions I, II, and III. 


Fractions I and II each bear one of | 


the two antigen reactive sites present in the intact molecule, and | 
Fraction III, which is readily crystallizable, is totally devoid of | 


such active centers (30). 


Recent work of Brambell e¢ al. (60) | 


has suggested that the penetration of antibody through rabbit § 
placental membranes is actually dependent on that moiety of F 
antibody y-globulin which corresponds to Fraction III, since F 
the rate of penetration of isolated Fraction III and of intact | 
antibody were nearly the same and isolated Fraction I and II > 
penetrated very much more slowly. Our assay for anti-DNP- | 
antibody depends on the functional integrity of the active centers i 
present in antibody (and likewise in Fractions I and II) buts | 


insensitive to the Fraction III moiety. 
therefore, discriminate between a complete bivalent antibody 


and univalent subunits corresponding, for example, to Fractions 


The assay does not, | 


Iand II. Accordingly, the findings of Brambell et al. (60) raise d 
the possibility that the lag in the translocation of intracellular | 
antibody into the medium may be caused by linking precursor q 


19 We wish to thank Dr. Sam Clark, Jr. (Dept. of Anatomy, | 
Washington University School of Medicine, St. Louis, Missouri) © 
for calling our attention to references on the fine structure of | 


plasma cells. 
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fragments (I and II) to a “transport carrier” (Fragment III). 
This question can be answered only with assays which discrimi- 
nate between Fractions I and II and Fraction III. Such studies 
are in progress and will be reported later. 


SUMMARY 


Lymph node cells isolated from rabbits that had been im- 
munized with dinitrophenyl-substituted bovine y-globulin 
incorporate radioactive amino acids into a-peptide bonds in a 
y-globulin specific for the 2,4-dinitrophenyl determinant (anti- 
DNP-antibody). The rate at which these cells synthesize anti- 
body is about 10 wg per hour per g of wet weight. 

Amino acids are incorporated without a lag into intracellular 
anti-DNP-antibody, but labeled antibody appears in extracel- 
lular medium only after a delay of ~30 minutes. The secretory 
lag reflects the translocation of newly synthesized antibody 
from cell sap into the medium. The magnitude of this secretory 
lag is ascribed to the fact that there is little or no mixing of newly 
formed antibody with the intracellular antibody pool from which 


secretion occurs. 

The kinetics of secretion and ancillary data indicate that anti- 
body secretion is not a consequence of cell lysis and that the anti- 
body-producing cell survives the secretory process. 

Approximately 50% of the secreted radioactive protein could 
be accounted for as antibody of a single specificity, suggesting 
that secretion is restricted to y-globulins. 


Acknowledgments—We are grateful to Mr. Roger Sherman and 
to Mr. Richard Pinkston for valuable technical assistance. 
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Aspartate and glutamate react instantaneously with the py- 
ridoxal form of the pig heart glutamic aspartic transaminase (1) 
to yield the corresponding keto acid, converting the enzyme- 
bound pyridoxal phosphate to bound pyridoxamine phosphate 
(2). Other amino acids such as methionine sulfoxide, methio- 
nine sulfone, and alanine react much more slowly with the en- 
zyme, but the reaction itself appears to be essentially the same. 

This paper describes experiments performed with L-alanine 
to study the mechanism of transamination. 


EXPERIMENTAL PROCEDURE 


Materials—The pyridoxal and pyridoxamine forms of the pig 
heart glutamic aspartic transaminase were prepared as previ- 
ously described (1, 2). L-Alanine, D-alanine, and ketoglutarate 
were obtained from the California Corporation for Biochemical 
Research and sodium pyruvate from Nutritional Biochemicals 
Corporation. 

Methods—The reaction of the enzyme with L-alanine may be 
followed readily as a function of time. Aliquots of an incuba- 
tion mixture of the pyridoxal form of the enzyme in 0.1 m Tris- 
HCl buffer, pH 8.3, 0.025 m with respect to L-alanine, were re- 
moved at the times indicated in Fig. 1 and assayed for both 
pyruvate and enzyme-bound pyridoxal phosphate by a modifi- 
cation of the method previously described (2). 

The 1-ml aliquots were allowed to react for 10 minutes with 
2 ml of 0.1% 2,4-dinitrophenylhydrazine in 2 N HCl] and then 
were extracted with 6.5 ml of ethyl acetate. Pyridoxal phos- 
phate hydrazone was determined spectrophotometrically at 415 
my in the aqueous phase after 1.5 ml were extracted with a fur- 
ther 2 ml of ethyl acetate to remove residual 2 , 4-dinitropheny]- 
hydrazine and pyruvate hydrazone. To determine the pyru- 
vate as its hydrazone, 5 ml of the ethyl acetate were extracted 
with 2 ml of 2 N HCl, and the pyruvate hydrazone was then ex- 
tracted from 4 ml of the washed ethyl acetate with 0.5 ml of 
10% sodium carbonate. A 0.3-ml aliquot of the sodium carbon- 
ate was then added to 0.5 ml of 2 N NaOH to develop the char- 
acteristic red color. The absorbancy at 452 my is proportional 
to the pyruvate concentration originally present. Fig. 1 shows 
that the reaction is slow, even with a relatively high concentra- 
tion of alanine, and that the loss of enzyme-bound pyridoxal 
phosphate is accompanied by the formation of pyruvate. 

The reaction between alanine and the pyridoxal form of the 
enzyme may be more readily followed at pH 8.3 as a decrease 


* This investigation was supported by Grant H-4417 from 
the National Heart Institute, United States Public Health Serv- 
ice. 


in absorbance resulting from the latter at 360 my! (Fig. 2). Re. 
actions were followed in a Cary recording spectrophotometer at 
constant temperature. 

To show that the reaction did not depend upon catalytic 
amounts of ketoglutarate, low levels were included in the reac. 
tion mixtures. It can be seen from Fig. 2 that ketoglutarate 
affects the reaction two ways. (a) It causes a virtually com- 
plete inhibition of the decrease in the pyridoxal enzyme. If the 
time taken for the reaction to reach its maximal rate (absorb- 
ancy about 0.5) is considered, it can be seen that this inhibition 
persists only for a length of time which is proportional to the 
amount of ketoglutarate initially present. The proportionality 
constant may be considered as an apparent rate of inactivation 
of ketoglutarate. (6) It affects the final equilibrium, as ex- 
pected, to favor the pyridoxal form of the enzyme at the higher 
levels of the keto acid. 

Ketoglutarate has little effect upon the rate of the reaction 
once the initial inhibition is overcome. The initial rate of 
transamination with the enzyme in the absence of ketoglutarate 
was the same as the apparent rate of inactivation observed for 
ketoglutarate. Since, as it is known, low levels of ketoglutarate 
will instantly and almost quantitatively convert the pyridoxa- 
mine form of the enzyme to the pyridoxal form (2), ketogluta- 
rate will prevent the accumulation of pyridoxamine enzyme. 
Ultimately all the ketoglutarate is converted to glutamate. 
These results are consistent only with the following scheme: 


Alanine Pyridoxal enzyme Glutamate 


Pyruvate Pyridoxamine enzyme Ketoglutarate 


A large excess of alanine causes a decrease of about 77% in 
the absorbancy at 360 mu. This decrease in absorbancy 1s 
associated with the conversion of virtually all the enzyme to 
the pyridoxamine form (Fig. 2). The difference. between the 
absorbancy at any time and that at infinite time in the presence 
of an excess of alanine is thus proportional to the concentration 
of the pyridoxal form at that time. 


comparable to the forward reaction only when most of the py- 
ridoxal enzyme has reacted. More than 90% of the reaction 
under these conditions is observed to be first order (Fig. 3). 
With lower concentrations of alanine, the reverse reaction be- 


1 Earlier work indicated absorption maxima for the pyridoxal 
enzyme of 362 mu and 430 mg. Subsequently it was found that 


slight deviations from these values occur with different prepara- — 


tions. 
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pyruvate and pyridoxamine enzyme, formed in the reaction, 13 


ff. 


| 
of 
ph 
the 
ph 
| F 
HCl 
to L 
initi: 
|| 


Re. 
eter at 


talytic 
reac- 
itarate 
y com- 
If the 
sbsorb- 
ibition 
to the 
onality 
ivation 
as eX- 


higher 


eaction 
rate of 
utarate 
ved for 
utarate 
ridoxa- 
ogluta- 
nzyme. 
‘amate. 
ne: 


17 % iD 
ancy 1s 
yme to 
the 
resence 
tration 


February 1961 


comes appreciable, and an equilibrium is ultimately reached 
between the two forms of the enzyme, the alanine added and the 
pyruvate formed. With 0.005 m alanine and 0.00006 m bound 
vitamin Bes, approximately equal concentrations of the two 
forms of the enzyme are present in the final equilibrium mixture. 
Because the rate of the reaction decreases rapidly with time, it 
was found that plotting the reaction as if it were always of 
frst order in pyridoxal enzyme, even with the lower concentra- 
tions of alanine, enabled a more practicable linear representa- 
tion of the data obtained. Initial rates are, therefore, given in 
the form of first order rate constants. It can be seen from Fig. 
3 that this method is applicable over a wide range of alanine 
concentrations, and that the rate constant so obtained is pro- 
portional to the alanine concentration. It should be empha- 
sized that this is a technical device to measure the initial veloc- 
ity accurately and does not mean that the reaction can be 
described by either a reversible or irreversible first order equation 
at low alanine concentrations. Fig. 4 shows that the initial 
velocity (which is proportional to the reaction constant k) is 
increased in the presence of low concentrations of formate. The 
observed rates may be described in terms of the molarity of 
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Fig. 1. Reaction of L-alanine (0.025 m) with the pyridoxal form 
of the glutamic aspartic transaminase in 0.01 m Tris-HCl buffer, 
pH 8.3, 25°, as a function of time. The analytical procedure for 
the simultaneous determination of pyruvate and bound pyridoxal 
phosphate is described in the text. 
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Fic. 2. The effect of low concentrations of ketoglutarate upon 
the loss of the pyridoxal form of the transaminase in 0.1 m Tris- 


ACI buffer, pH 8.3, at 30°. All solutions were 0.2 m with respect 
to L-alanine. The numerals on the graph are 10,000 times the 
| intial concentration of ketoglutarate. 
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Fic. 3. The reaction of alanine with the pyridoxal form of the 
transaminase in 0.1 M potassium phosphate buffer, pH 6.7, at 30°. 
The reaction was followed in a Cary recording spectrophotometer 
at 389 my, the isosbestic point of the pyridoxal form, and is plotted 
in the form of an integrated first order reaction. Experimentally, 
the initial absorbancies varied from 0.55 to 0.57. The final ab- 
sorbancy in the presence of an excess of alanine (0.3 m) was 0.092. 
For clarity in the figure, zero time was taken to be the time at 
which the absorbancies were 0.55. Numerals shown on the graph 
are 100 times the molarity of alanine initially present. All the 
observed data may be described by the integrated first order equa- 
tion: Log (absorbancy at time t — 0.092) = 0.34 + 0.75 (molarity 
of alanine) (time in minutes). 
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Fig. 4. The effect of formate upon the initial rate of the reac- 
tion of L-alanine (0.01 m) with the pyridoxal form of the enzyme 
at 23°. All solutions were 0.05 m with respect to Tris-HCl buffer, 
pH 8.3. Sodium salts of the carboxylic acids were used at the 
concentrations indicated. 


formate (A) by the empirical equation: 


k = 0.031 
(1) 


Effect of pH—The glutamic aspartic transaminase is stable at 
room temperature only in the pH range from 4.5 to 11. It 
possesses measurable catalytic activity in the range from about 
5 to 10.5, but two pH ranges are of particular interest. In the 
range from 5 to 7.5 the enzyme acts as a pH indicator, but the 
substrate degree of ionization does not change appreciably. In 
the range from 8 to 10.5 alanine dissociates, and it might be 
expected that only one ionic form would be a substrate for the 
enzyme. In this pH range, the spectra of the enzyme do not 
change. 
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Fia. 5. A. The initial rate of the reaction of L-alanine (0.1 m) 
with the pyridoxal form of the transaminase plotted as a function 
of pH at 30°. (J) Pyrophosphate buffers 0.04 m; (JJ) phosphate 
buffers 0.1 m. The initial rate is expressed as a rate constant k. 
B. The rate constants in 0.1 mM potassium phosphate buffers of 
Fig. 5A plotted as a function of the absorbancies at 360 my and 
426 mu corrected for dilution by the addition of the substrate. 


Rate constants were determined as previously described in 
the range pH 5 to 7.5 in both pyrophosphate (J) and phosphate 
(II) buffers by measuring the reaction at the isosbestic point for 
the pyridoxal form of the enzyme (389 mu). The pH values in 
Fig. 5A were determined on simulated reaction mixtures without 
enzyme. ‘Two different curves were obtained for the two buff- 
ers. The rate constant in the presence of a mixture of phos- 
phate and pyrophosphate buffer at pH 7 was the same as that 
with pyrophosphate alone. This suggests that the higher rate 
in the presence of pyrophosphate is due to activation by pyro- 
phosphate. 

To correlate the activities with the ionic forms of the enzyme, 
spectra were recorded just before the start of the reaction by the 
addition of alanine. The decrease in absorbancy at 426 mu 
observed as the pH increases is proportional to the concomitant 
increase in absorbancy at 360 my (1). 

For both series of buffers, the reactivity in this pH range is 
proportional to the concentration of the form with absorption 
maximum at 360 mu (Fig. 5B). The corollary is that the in- 


crease in activity is also proportional to the loss of the acidic 
form (A max 426 my). 


This form appears to be inactive. 


Glutamic Aspartic Transaminase. V 


In the pH range 8 to 10.5, it was noted that the rate eed : 


decreased only slightly, certainly not as much as would be ey. 
pected if only one ionic form of the substrate were active. Such 
an effect may be explained by a compensating ionization of 


Vol. 236, No. 


either the enzyme (Scheme I) or the enzyme substrate complex — 


(Scheme II). 
the schemes, since only the initial velocity is considered and no 
products are then present. 


The reverse reactions have been omitted from : 


Ht 
k 
S + EH => SH + E = ESH —> | 
1| Products 1] Jf ky Products (2) 
SH + S + ES i 

+ + + 

H+ H+ H+ 

ScHEME I ScuEME II 


Scheme II yields equations which describe the experimental data _ 


best. On the basis of this scheme it can be shown that if the 
substrate anion (S) is kept constant, the initial rate of reaction 
(R) is described by the expression 


x. + (SH) +— 


where E> is the total pyridoxal enzyme concentration present 


initially and K, and K, are defined by the following steady state | 
concentrations of substrate (S, SH), free enzyme (£), and en- | 


zyme substrate complex (ES, ESH): 


(S)(H*) (ES) (H*) 
(SH) (ESH) 


_ (SH)(E) 
(ESH) 


(E)(S) 
(ES) 


K, 


K; = 


K, = K, = 


with high concentrations of alanine, the reaction is a pseudo 
first order reaction in pyridoxal enzyme. 


and (SH) drop out of the left-hand side of the expression. The 
formulation predicts: 


1. That at a constant anion concentration (S), the rate con- 
stant (R) will be linearly related to the concentration of the 


zwitter ion (SH). 


2. The slope of this line should be almost independent of the | 


concentration of anion. 


3. The negative X axis intercept for a plot of the rate con- 
stant against zwitter ion concentration at different anion con- | 


centrations should be proportional to the anion concentration 
with a proportionality constant equal to (ki /k2)(K2/K). 


Fig. 6 shows that all these theoretical predictions are sup- | 


ported by the experimental data; the value derived for (hi/k) 
(K2/K,) was 0.8. 
Pyruvate reacts more rapidly with the pyridoxamine form of 


the enzyme than does alanine with the pyridoxal form. 1 | 


measure the rates accurately, low concentrations of pyruvate 


must be used. This requirement makes an accurute determina : 
tion of the initial velocity by the present methods impractic | 
ble; therefore, the reaction with pyruvate was not studied 1 


any great detail. 


It has previously been shown that it is possible to calculate 
the enzyme substrate dissociation constants spectrophotomett- 
cally (2), since the loss of the pyridoxal form of the enzyme 3 — 


the concentration of alanine is varied may be measured 4s & 


K,, therefore, has 
be much greater than (SH) or K2/K, (S), and the terms in (8) | 


a 
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Fic. 6. The effect of the addition of the zwitter ionic form of 
alanine upon the initial rate of reaction (given as a pseudo first 
order reaction constant) measured at 30° in the presence of (J) 0.1 
u sodium alaninate and (ZZ) 0.05 m sodium alaninate. 


decrease in absorbancy at 360 my if fixed levels of pyruvate are 
are used. For the system 


Ks, K 


it was shown that? 
KKs, 


Ks. 
1 


(5) 


where E, E, are forms of the enzyme, ES, ES, are postulated 
enzyme substrate complexes, Ey the total enzyme concentra- 
tion, and AE, the loss of pyridoxal enzyme (E;), upon the addi- 
tion of alanine (S;), in the presence of a constant level of pyru- 
vate (S:). The equilibrium concentrations of the components 
define the constants 


(ES,) 


(ES;) 


_ 
(ES2) 


(ES:) 


With constant high concentrations of pyruvate, E'S, ES:, and 
E; are in equilibrium, if it is assumed that at a fixed pH the 
equilibrium mixture and EF, both follow Beer’s law at 360 mu. 
The loss in absorbancy at 360 my (AA. 360 my), which is ob- 
served upon the addition of alanine, is proportional to the as- 
sociated decrease in the concentration of pyridoxal enzyme 
(AF)). 

A plot of S,/AA,A 360 my against alanine, therefore, has an 
intercept on the X axis (see Fig 7A and Reference (2)) equal to 


K-Ks, 


Ks. 
1 


Ks; = Ks: (6) 


The reciprocal of this value, when plotted against the recipro- 
cal of the different concentrations of pyruvate (S2), should yield 
values for K-Ks,/(1 + K) and Ks,/(1 + K) (Fig. 7B). 

Experimentally these are both much greater than the con- 
centrations of alanine and pyruvate used. The concentration 
of the pyridoxal form of the enzyme is equal to that of the pyr- 


; idoxamine form when the ratio of alanine to pyruvate is K-Ks,/ 


Ks, = 160. Reaction mixtures which contain equimolar 


_ ? We are indebted to Dr. S. F. Velick for pointing out an error 
In our previous derivation. 


W. T. Jenkins 
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Fic. 7. Determination of the enzyme-substrate dissociation 
constants for alanine and pyruvate from decrements in the con- 
centration of pyridoxal form of the glutamic aspartic transamin- 
ase, as described in the text. Solutions were 0.1 m with respect 
to Tris-HCl buffer, pH 8.3, at 23°. A. The effect of varying the 
L-alanine concentration upon the loss of pyridoxal enzyme (A = 
360 my) at different fixed concentrations of pyruvate. (JZ) 0.00375 
M; (IZ) 0.0025 m; and (JJ) 0.00125 m). B. The determination of 
the actual dissociation constants from part A by the method de- 
scribed in the text. 


amounts of alanine and pyruvate under these conditions of pH 
and temperature, consequently have a corresponding ratio of 
pyridoxal form to pyridoxamine form. , 


DISCUSSION 


Braunstein and Kritzman (3) originally studied the reversi- 
ble transamination of alanine-pyruvate with other amino acids 
and found that catalytic amounts of ketoglutarate were re- 
quired. It was subsequently shown (4, 5) that the reversible 
transamination from aspartate to pyruvate occurred most read- 
ily with a combination of two enzymes and catalytic amounts 
of ketoglutarate-glutamate. The direct reaction of alanine 
with the glutamic-aspartic transaminase is several orders of 
magnitude less in rate per mole of enzyme than the coupled 
enzymatic reactions described above. This low reactivity makes 
the reaction potentially valuable for the study of the mechanism 
of transamination. 
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In the pH range 5 to 7.5, two demonstrable forms of the 
pyridoxal enzyme occur which differ in state of ionization and 
have absorption maxima at 360 my and 426 my. In the same 
pH range, the reactivity with alanine shows a marked increase. 
Over a wide range of pH, the increment in activity is propor- 
tional to the observed increment in the more basic form. Fur- 
thermore, when the enzyme is wholly converted into its acidic 
form, as judged spectrophotometrically, it is inactive, whereas 
when converted into its basic form, by the same criteria, it 
possesses maximal activity. In studies in which the rate of 
transamination from glutamate to ketoglutarate was measured 
as a function of pH and the reactivity correlated with spectral 
changes observed under comparable conditions, results indicated 
indirectly that only the basic form was active in transamination 
(6). The two findings therefore support the hypothesis that 
the mechanisms of both reactions are essentially similar. 

It has been shown that the active site of the enzyme is pyri- 
doxal phosphate and that this is converted into bound pyridoxa- 
mine phosphate in the transamination reaction (2). Fischer 
and Krebs (7) have found that the pyridoxal phosphate alde- 
hyde group of this enzyme is bound in Schiff base linkage with 
a protein lysine e«-amino group. It was proposed, therefore, 
that such a group must be liberated during the formation of the 
enzyme substrate complex (8). Because of the ionization of 
this amino group when liberated, the equilibrium between en- 
zyme and substrate may be written between enzyme and either 
anion or zwitter ion forms of the substrate (Scheme II). It is 
not unreasonable to expect that the rate constants for the reaction 
of acidic (k2) and basic (k,) forms of the enzyme substrate com- 
plex are of comparable magnitude, so that the pK of this com- 
plex must be close to that of the amino group of alanine (1.e. 
K, = Ky»). This is consistent with the suggestion that the 
group responsible is the ¢-amino group of a protein-bound lysine 
molecule (9) and hence supports the postulated reaction mecha- 
nism. 


SUMMARY 


1. Alanine reacts very slowly with the pig heart glutamic 
aspartic transaminase. Pyruvate formation in this reaction is 
equivalent to the loss of bound pyridoxal phosphate. 

2. Ketoglutarate is an effective inhibitor of the reaction be- 
cause it reconverts the pyridoxamine form of the enzyme back 
to the pyridoxal form. 

3. Only one of the two ionic forms of the pyridoxal enzyme 
known to be present in the pH range from 5 to 7.5 is reactive. 


Glutamic Aspartic Transaminase. V 


The effect of pH on the rate of the reaction is due to the inter. 
conversion of the two ionic forms. 

4. The effect of pH in the range of pH from 8 to 10.5 wags 
studied in the absence of buffer salts other than the substrate. 
The fact that the rate could not be correlated with the ¢op. 
centration of either ionic species alone suggested that the ioniza. 


tion of the substrate was compensated for by another ionization — 


of either enzyme or enzyme-substrate complex. The experi- 
mental evidence supports an earlier hypothesis that the e-amino 
group of a protein lysine molecule is liberated upon formation 
of the enzyme substrate complex. 

5. The enzyme was shown to have a very low affinity for the 
substrates alanine and pyruvate. This low affinity was also 
indicated by the fact that the initial velocity of the reaction was 
proportional to the concentration of alanine even above 0.1 x, 
The enzyme substrate equilibria are such as to favor greatly the 
pyridoxal form of the enzyme in the presence of equimolar 
amounts of amino and keto acid substrates. 

6. The reaction is specific for t-alanine. The terminal car. 
boxyl group of the physiological substrates aspartate and gluta- 
mate, therefore, does not determine the stereospecificity of the 
reaction. 


Acknowledgment—The original observation that alanine is 
capable of reacting with the glutamic aspartic transaminase was 
made in collaboration with Dr. I. W. Sizer and was described 
previously. (Dissertation, Massachusetts Institute of Technol- 
ogy, Boston, Massachusetts, 1957.) 
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The first step in protein biosynthesis apparently is the car- 
boxyl activation of the free amino acids (1, 2). The mechanism 
for this reaction involves a pyrophosphory] cleavage of adenosine 
triphosphate with the formation of an enzyme-bound amino 
acyl adenylate intermediate (Reaction 1) (1-6). The amino 
acid is then transferred to a terminal adenosine residue of a 
specific soluble ribonucleic acid acceptor (Reaction 2) (7-15). 


Mg*+ 
ATP + AA+E E(AA-AMP) + PP (1) 
E(AA-AMP) + soluble-RNA = a 


AA-soluble-RNA + E + AMP 


in which E is enzyme, and AA-AMP is amino acyl adenylate. 

In the course of studying a supernatant from beef pancreas 
homogenate for amino acid-activating enzymes, it was noted 
that the preparation exhibited appreciable serine activation. 
This article describes the preparation and properties of a serine- 
activating enzyme, the isolation of enzymatically formed seryl 
adenylate, and the transfer of activated serine to soluble ribo- 
nucleic acid. Parts of this work have already been published 
in abbreviated form elsewhere (16, 17). 


EXPERIMENTAL PROCEDURE 


Hydroxamate Assay—Reaction mixtures contained 1000 
moles of salt-free hydroxylamine (pH 7.4), 100 uwmoles of Tris 
buffer (pH 7.4), 30 umoleslof MgCle, 10 umoles of ATP, enzyme, 
and approximately 10 ug of crystalline pyrophosphatase per ml. 
They were incubated at 37° in the presence and absence of 10 
umoles of L-serine per ml as described by Davie et al. (4). The 
enzymatically formed hydroxamate was determined colorimetri- 
cally by the method of Lipmann and Tuttle (18). Synthetic 
serine hydroxamate hydrochloride (molecular weight, 156.6), pre- 
pared according to Safir and Williams (19), was used as a stand- 
ard. The elementary analysis of this material was as follows: 


Calculated: C 23.0, H 5.8, N 17.9 
Found:! C 23.2, H 5.7, N 17.9 


One unit of enzyme is that quantity of protein which forms 1 
umole of hydroxamic acid per hour under the assay conditions 
above; specific activity is expressed as units of enzyme per milli- 
gram of protein. 

P®.Pyrophosphate Exchange into AT P—In addition to enzyme, 


* This investigation was supported in part by the United States 
Public Health Service Grant RG-5303-C-2. 

t Senior Research Fellow, S.F.-309, Public Health Service. 

Clark, Microanalytical Laboratory, Urbana, Illinois. 


reaction mixtures contained 50 umoles of Tris buffer or 300 
mmoles of phosphate buffer (pH 7.4), 30 umoles of MgCl, 1 
umole of P®-pyrophosphate (approximately 50,000 c.p.m.), and 
5 to 6 umoles of ATP per ml. The mixtures were incubated for 
varying time intervals at 37° in the presence and absence of 10 
umoles of added L-serine per ml. Pyrophosphate was separated 
from ATP by the method of Crane and Lipmann (20), and its 
radioactivity was determined with an end window counter by 
counting aqueous samples of equal volumes in steel planchets. 
Calculations of the percentage of exchange, rate of exchange, and 
specific activity were performed as previously described (4). 
Specific activity is expressed as micromoles of P*?-pyrophosphate 
exchanged per milligram of protein per hour. 

Isolation of Intermediates—The complete reaction mixture used 
for most experiments included 20 to 30 mg of enzyme, 0.2 umole 
of pL-serine-3-C™, containing 120,000 c.p.m., 1 to 2 umoles of 
ATP, 10 umoles of MgCls, 100 umoles of Tris buffer (pH 7.4), 
and 0.10 mg of crystalline pyrophosphatase, in a final volume of 
2.7 ml. In some experiments, 0.02 umole of p.L-serine-1-C", 
containing 84,000 c.p.m. was substituted for 0.2 uwmoles of pL- 
serine-3-C'. When the effect of ATP was studied, 0.5 umole of 
ATP-8-C™%, containing 210,000 c.p.m., 0.10 umole of ATP (a-P*), 
containing 1,220,000 c.p.m., or 1 umole of ATP (8,7-P*), con- 
taining 1,326,000 c.p.m., was added to reaction mixtures which 
included 5 umoles of L-serine and the above mentioned quantities 
of enzyme, Tris, MgCl:, and pyrophosphatase per 2.7 ml. In 
reactions involving ATP (a-P®), 2 wmoles of phosphopyruvic 
acid and a catalytic amount of pyruvic kinase were used. 

After incubation at 37° for 5 minutes, the tubes were chilled 
and the reactions were stopped by 0.3 ml of 50% ice cold tri- 
chloroacetic acid. After centrifugation, aliquots of the trichloro- 
acetic acid supernatant solutions were added to 2 ml of 0.02 m 
ammonium formate buffer, pH 4.0, and the resulting solutions 
were titrated with NaOH to pH 3.0 and placed on 1 X 17-cm 
Dowex 1l-acetate X2 columns, 200 to 400 mesh, at 4°. The 
columns were washed with 40 ml of the 0.02 mM ammonium for- 
mate buffer and eluted with 0.2 mM ammonium formate buffer at 
the same pH. 

Serine hydroxamate was separated from serineon 1 X 34-cm- 
Dowex 50-Nat, X8, columns, 200 to 400 mesh. Before chroma- 
tography, reaction mixtures were neutralized, allowed to react 
in 1 M neutral hydroxylamine for 15 minutes at 37°, acidified, 
and diluted to 50 ml to lower the ionic strength. After applica- 
tion to the columns, samples were eluted at 4° with 0.5 m am- 
monium formate buffer, pH 4.0. Under these conditions, serine 
appeared near the solvent front and was widely separated from 
serine hydroxamate. 
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TABLE I 
Enzyme purification 
Reaction mixtures were incubated at 37° from 10 to 20 minutes 
in the presence and absence of 10 umoles of L-serine perml. They 
also included 1000 uwmoles of hydroxylamine, 100 umoles of Tris 
buffer (pH 7.4), 30 wmoles of MgCl, 10 umoles of ATP, and 10 
ug of pyrophosphatase per ml. 


Fraction Protein | Specific activity Units Yield 
% 
Crude pancreas superna- 

333 0.06 20,000; 100 
Acid supernatant I........ 74 0.23 17,000; 85 
Acid precipitate II........ 21 0.43 9,000, 45 
Supernatant, pH 5.9....... 3.5 1.7 5,950' 30 
(NH,)2SO, precipitate (0.44 

1.2 4.3 5,160} 26 
Final acid precipitate......| 0.47 5.6 2,630) 13 


Evaporated aliquots of the column fractions were taken up in 
2 ml of 0.5 m hyamine hydroxide? in toluene, followed by 10 ml 
of toluene containing 0.6% 2,5-diphenyloxazole. They were 
counted at 4° in an automatic Packard TriCarb liquid scintilla- 
tion counter (21). 

Formation of Seryl-soluble-RNA—Complete assay mixtures 
included 5 umoles of ATP, 10 umoles of MgCle, 20 umoles of Tris 
buffer (pH 7.0), 10 ug of crystalline pyrophosphatase, 0.067 
umole of pi-serine (3-C™), containing 76,000 c.p.m. and 4.4 mg 
of soluble-RNA per ml. Serine-activating enzyme was provided 
either as the final acid fraction (see Table I) or as a microsome- 
free pH 5 supernatant solution from rat liver (1). 

Reaction mixtures were incubated at 37° for varying time pe- 
riods and were terminated by addition of 6 ml of 0.4 m perchloric 
acid. After centrifugation, the acid supernatant solutions were 
discarded. Precipitates were washed four times with 0.2 m per- 
chloric acid and twice with absolute ethanol. After excess eth- 
anol was drained off, the precipitates were taken up directly in 
the hyamine toluene mixture described above and counted. 

The concentration of yeast RNA was determined spectropho- 
tometrically at 260 my with a conversion factor of 24 O.D. units 
for a concentration of 1 mg of soluble-RNA per ml. The ATP 
content of soluble yeast RNA was determined by the spectro- 
photofluorometric firefly assay of McElroy as described by 
Schwarz Laboratories. The RNase content of serine-activating 
enzyme was determined by the technique of Kunitz (22). 

Methods—Essentially salt-free hydroxylamine was prepared by 
a slight modification of the procedure of Bienert et al. (23). Pro- 
tein concentrations were determined by the method of Gornall 
et al. (24) with crystalline bovine serum albumin as a standard. 
Both pt-serine-1-C' and were chromatographed 
at pH 4.0 at low ionic strength on Dowex 1-acetate columns to 
free them of negatively charged contaminants. Upon chroma- 
tography on Whatman No. 1 paper with n-butanol-acetic acid- 
water, pL-serine-3-C gave a single ninhydrin spot which con- 
tained all the radioactivity. ATP (a-P*) was prepared from 
AMP® as described previously (6). 

P*2_pyrophosphate was prepared by pyrolysis of KH2P**O,. 


2 Hyamine hydroxide was prepared from hyamine chloride 
purchased from the Rohm and Haas Company. 
3’ Schwarz Laboratories, private communication. 


Serine-activating Enzyme 


Pyrophosphate was measured as orthophosphate after enzymatic 
hydrolysis (25). Synthetic seryl adenylate was prepared by q | 
modification of the procedure of Berg for adenyl amino acids _ 
(26). The product was purified on 1- * 17-cm Dowex 1-acetate | 
columns washed with 40 ml of 0.02 mM ammonium acetate buffer, 
pH 4.0, and eluted with 0.2 mM ammonium acetate buffer, pH 4.0, _ 
In the presence of neutral hydroxylamine synthetic adeny] serine — 
formed serine hydroxamate in quantities equal to the adenine ijt — 
contained as determined by ultraviolet absorption. Stability 
characteristics of synthetic seryl adenylate were quite similar to 
those of tryptophanyl adenylate (6). Electrophoresis of sery| — 
adenylate at pH 3.9 was performed as previously described (6), _ 

Hyamine hydroxide in toluene was prepared by the method of | 
Davie et al. (27). Soluble-RNA was prepared from yeast by the 
method of Goldthwait (28). 

Materials—p.u-Serine-3-C™ and pu-serine-1-C' were purchased | 
from Volk Radiochemical Company, and ATP-8-C™ from 
Schwarz Laboratories, Inc. P*-orthophosphate was obtained | 
from the Oak Ridge National Laboratories. AMP® was the © 
generous gift of Dr. David Goldthwait. 

Amino acids and peptides were purchased from Nutritional | 
Biochemicals Corporation. p.L-o-Phosphoserine was purchased 
from the California Foundation for Biochemical Research and | 
p-hydroxymercuribenzoate from Sigma Chemical Company, 
Crystalline AMP and ATP were obtained from the Pabst Labora- | 
tories. 2,5-Diphenyloxazole was purchased from Pilot Chemi- © 
cals, Inc. and N,N’-dicyclohexylcarbodiimide from the Aldrich 
Chemical Company, Inc. Crystalline pyrophosphatase was pro- 
vided through the courtesy of Dr. Moses Kunitz and crystalline — 
salt-free RNase was purchased from the Worthington Biochemi- © 
cal Corporation. Other chemicals were the commercially avail- © 
able reagent grade. 


RESULTS 


Enzyme Purification (Table I)—Fresh beef pancreas,‘ 8 pounds, 
was defatted and chilled to 0°. Subsequent procedures were 
carried out at 0-4°. After addition of 3800 ml of 0.15 m KCl, 
the glands were homogenized for 1 minute at full speed ina 
gallon Waring Blendor. The homogenate was centrifuged for 
10 minutes at 1200 x g to remove cellular debris, and the result- | 
ing 4000 ml of crude pancreas supernatant, containing 70 to 9 | 
mg of protein per ml, were poured through several layers of | 
cheese cloth. BaCle, 1 m, 80 ml, was then added. 

After 10 to 60 minutes, 75 ml of 1 m acetic acid were mixed | 
with 3900 ml of the protein solution. The mixture was centr- 
fuged at 19,000 x g for 15 minutes and the precipitate was dis- 
carded. Acetic acid, 1 M, 90 ml, was added to the first acid 
supernatant and the resulting precipitate was collected after 
centrifugation for 15 minutes at 4,500 x g. The second acid | 
precipitate was suspended in 200 ml of 0.15 m KCl and stirred | 
for 20 minutes at pH 5.9. Insoluble protein was separated by 
centrifugation at 19,000 x g for 15 minutes, and the protem 
concentration of the resulting pH 5.9 supernatant solution was 
adjusted with 0.15 m KCl to approximately 15 mg per ml. 

Ammonium sulfate solution (saturated at 0° and neutralized | 
by the addition of 1 ml of saturated NaOH per liter) was added 
over a period of 3 to 4 minutes to a final saturation of 34% — 
After removal of the precipitate by centrifugation at 19,000 X9_ 
for 10 minutes, the supernatant solution was brought to 44% y 


‘Frozen pancreas or pancreas not immediately chilled at the 
slaughterhouse was unsatisfactory. 
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saturation. The resulting suspension was centrifuged, and again 
the precipitate was discarded. The supernatant solution was 
then brought to 64% saturation, and the 44 to 64% precipitate, 
collected after centrifugation at 19,000 x g, was stored at —20°. 
About 1 g of protein, which had a specific activity of about 70 
to 100 times that of the crude supernatant solution (Table I), 
was obtained. 

In the transfer of amino acid to soluble-RNA, it was necessary 
to carry out an additional acid fractionation to lower the RNase 
contamination. However, the final ammonium sulfate precipi- 
tate was used for the other studies reported herein. 

Enzyme Stability and Purity—By hydroxamate assay, the en- 
zyme lost 5 to 25% of its activity when frozen as a (NH4)2SO. 
precipitate and stored overnight; it retained about 50 to 85% of 
its original activity after 6 months at —20°. Most of the activity 
disappeared when the enzyme was dissolved in 0.15 m KCI and 
left overnight (4°), or was dialyzed against 0.15 m KCl for 3 
hours at 4°. 

The most active preparations were determined to be grossly 
heterogeneous by ultracentrifugal analysis. They contained 1 
to 1.5% nucleic acid as calculated from ultraviolet absorption 
ratios of 260 to 280 (29). In addition to serine-activating en- 
zyme, the preparation was shown to contain pyrophosphatase, a 
magnesium-dependent peptidase, ATPase, RNase, and trypto- 
phan-activating enzyme. The tryptophan enzyme was esti- 
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Fic. 1. Time curve showing the formation of serine hydroxa- 
mate in the presence (O——O) and absence (@——@) of added 
pyrophosphatase. Reaction mixtures were incubated at 37° with 
and without 10 uwmoles of L-serine per ml. They contained 1000 
umoles of hydroxylamine, 100 umoles of Tris buffer (pH 7.4), 30 
umoles of MgCle, 10 umoles of ATP, and 1.1 mg. of enzyme per 
ml. 


TaBLe II 
Effect of pyrophosphatase and pyrophosphate on 
formation of serine hydrozamate 
Reaction mixtures were incubated at 37° in the presence and 
absence of 10 umoles of u-serine per ml. They also contained 
1000 umoles of hydroxylamine, 100 zmoles of Tris buffer (pH 7.4), 
_—— of MgCl:, 10 umoles of ATP, and 1.1 mg of enzyme per 


Additions Hydroxamate | Inhibition 
; pmoles/15 min % 
1.1 0 
Pyrophosphate, 0.5 uM.................. 0.39 65 
Pyrophosphate, 1.0 uM.................. 0.18 84 
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Fig. 2. Effect of pH on hydroxamate formation and pyrophos- 
phate exchange. Reaction mixtures were incubated for 15 min- 
utes at 37° with Tris or phosphate buffer as described under ‘“‘Ex- 
perimental Procedure.’’ Rates are plotted as specific activities. 
Either concentrated NaOH or HCl was added to give pH values 
shown. Hydroxylamine served as the buffer at lower pH values 
in the hydroxamate assay. 


=x 
~ 4.0 
e 
= 
x< 
> 2.0F 
=z 
WwW 
a 
iL L 
2 3 
MOLARITY NH2OH 


Fic. 3. Effect of hydroxylamine concentration on the formation 
of serine hydroxamate. Mixtures were incubated at 37° in the 
presence and absence of 10 umoles of L-serine per ml and with 
concentrations of hydroxylamine shown. Assays also contained 
100 zmoles of Tris buffer (pH 7.4), 30 umoles of MgCl:, 10 umoles 
of ATP, 1.1 mg of enzyme, and 10 ug of crystalline pyrophospha- 
tase. 


mated to make up about 10 to 25% by weight of the protein 
present. 

Conditions for Hydroxamate formation—Hydroxamate forma- 
tion was linear with enzyme concentration (except at concentra- 
tions below 1 mg per ml) and with time for the first 20 minutes 
in the presence of added pyrophosphatase. If pyrophosphatase 
was omitted or pyrophosphate was added, the rate of hydroxa- 
mate formation decreased (Fig. 1, Table II). These effects were 
less marked in enzyme preparations which contained appreciable 
pyrophosphatase activity. 

The pH optimum for hydroxamate formation was about 7.4 
(Fig. 2). The rate of formation increased nearly linearly with 
hydroxylamine concentrations up to 2 m (Fig. 3). Fig. 4 shows 
the effect of serine and ATP concentration on hydroxamate for- 
mation. When plotted by the Lineweaver-Burke procedure, the 
Kn was found to be 6 X 10-4 m for serine and 10-* m for ATP. 
These are approximate values due to insensitivity of the method 
used for determining low concentrations of hydroxamate. The 
reaction required metal ions and progressed optimally with 2 x 
10-2? m MgCl. or MnCle. Neither cobalt nor nickel ions were 
active. Preincubations with 5 <x 10-5 m p-hydroxymercuriben- 
zoate produced 50% inhibition of the reaction rate (Fig. 5). 

Product Identification and Enzyme Specificity in the Hydroxa- 
mate Assay—The enzymatically formed hydroxamate moved 
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Fic. 4. Effect of L-serine and ATP concentration on the forma- 
tion of serine hydroxamate. Mixtures incubated for 5 minutes 
at 37° with concentrations of L-serine and ATP shown above. 
Assays also contained 1000 umoles of hydroxylamine, 100 uwmoles 
of Tris buffer (pH 7.4), 30 umoles of MgCls, 0.8 to 1.1 mg of en- 
zyme, and 10 wg of pyrophosphatase per ml of reaction mixture. 
Results represent the average of four experiments. 
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Fic. 5. Effect of p-hydroxymercuribenzoate on serine hydrox- 
amate formation. Enzyme was preincubated for 3 minutes with 
inhibitor at 37° and reaction started by addition of 10 umoles of 
L-serine per ml. Mixtures also contained 10 uzmoles of ATP, 1000 
umoles of hydroxylamine, 100 umoles of Tris buffer (pH 7.4), 30 
umoles of MgCloe, 1.2 mg of enzyme, and 10 ug of pyrophosphatase 
per ml. 


identically with synthetic serine hydroxamate on paper (n-bu- 
tanol-acetic acid-H,O mixture), and on Dowex 50-Nat. 

In the presence of pyrophosphatase, the ratio of phosphate to 
serine hydroxamate formed during this reaction was 2:1 (Table 
III). This is consistent with a pyrophosphate cleaved from 
ATP. 

When L-tryptophan was used as a substrate, the rate of hy- 
droxamate formation was 1.5 to 4-fold that obtained with L- 
serine. Each of 16 other L- or pL-amino acid substrates® dis- 
played less than 5% of the hydroxamate color obtained with 
serine. pD-Serine, o-phospho-pi-serine, and pL-alanyl-pL-serine 
were inactive also. Glycyl-pL-serine was active only because it 
provided free serine by action of a magnesium-dependent pepti- 
dase contaminating the enzyme preparation. 

Pyrophosphate Exchange into ATP—The maximal serine-de- 
pendent specific activity obtained for exchange of P®*-pyrophos- 
phate into ATP was 94 umoles per mg of enzyme per hour. The 
pH curve for the exchange resembled closely that obtained for 
hydroxamate formation (Fig. 2) and, unlike tryptophan activat- 
ing enzyme, there was no detectable inhibition of the exchange 
by orthophosphate, 2.e. the specific activities obtained with 


§ Threonine, phenylalanine, isoleucine, lysine, alanine, proline, 
leucine, glycine, arginine, valine, cystine, aspartic acid, glutamic 
acid, tyrosine, histidine, and methionine. 
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either Tris or phosphate buffer at pH 7.4 were the same for a 
given enzyme preparation. | 

The exchange dependent on addition of serine in different en- 
zyme preparations showed considerable variation due in part 
perhaps to contamination of the enzyme with ATPase and pyro- 
phosphatase. Thus, the maximal specific activity was obtained 
with an enzyme preparation with an initial specific activity of 4 
MM per mg per hour in the hydroxamic acid assay (Fig. 6). Other 
preparations with comparable activity on hydroxamate assay 
displayed far less serine-dependent P®?-pyrophosphate exchange. 

The blank for the exchange reaction could be essentially elimi- 
nated by addition of 0.0012 m tryptophan hydroxamate, which 
inhibits the tryptophan enzyme (30). This suggests that much 
of the non-serine-dependent exchange was probably due to con- 
taminating tryptophan-activating enzyme in the preparation. 

Formation of Intermediates in the Absence of Acceptor—When 
pL-serine-3-C' was incubated with enzyme, ATP, MgCh, pyro- 
phosphatase, and high concentrations of purified enzyme, 
chromatography of the trichloroacetic acid supernatant from this 
mixture yielded two compounds which separated from serine 
(Table IV). Formation of these compounds was dependent on 
the presence of both enzyme and ATP. 

The first unknown compound (Compound I) chromatographed 
identically with synthetic seryl adenylate and contained 600 to 
1200 c.p.m. which corresponded to 1 to 2% of the added L-serine- 
3-C4, Compound I also incorporated label from pi-serine-1-C', 


TABLE III 
Hydrozamate and phosphate balance* 

Reaction mixtures were incubated at 37° in the presence and 
absence of 10 uwmoles of L-serine per ml and contained 1000 umoles 
of hydroxylamine, 100 umoles of Tris buffer (pH 7.4), 30 umoles 
of MgCle, 10 wmoles of ATP, 10 ug of pyrophosphatase and 3.1 
mg of enzyme per ml. 


Incubation time Hydroxamate Phosphate iedores 
min uM uM 
10 1.75 3.35 1.91 
15 2.63 4.92 1.87 
20 3.40 6.76 1.99 
¢ Average of two experiments. 
o7+ 
w WITH SERINE /° 
= 
=|, 04+ - 
4 
d 
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Fic. 6. Time curve for PP? exchange with ATP in the presence 


and absence of 10 wmoles of added L-serine per ml. Mixtures 
contained 50 wmoles of Tris buffer (pH 7.4), 30 umoles of MgCl:, 
6 wmoles of ATP, 1 umole of pyrophosphate, 0.52 mg of enzyme 
and, 50,000 c.p.m. of PP® per ml. 
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ATP-8-C™, and ATP (a-P®). It did not contain radioactivity 
when ATP (8,7-P*?) was used as the radioactive substrate. The 
stoichiometry of serine and adenylic acid in Compound I was 1:1. 
This was shown by carrying out an incubation in the presence of 
pL-serine-3-C' and ATP-8-C'. Enzymatically formed Com- 
pound I was then hydrolyzed and the products chromatographed 
on Dowex l-acetate. Radioactivity was found in fractions cor- 
responding to both serine and AMP. Calculations of stoichiom- 
etry were made on the assumption that radioactivity of the hy- 
drolysate found to chromatograph with serine was derived solely 
from serine-3-C™, whereas radioactivity chromatographing with 
AMP came from ATP-8-C"™. 

When incubated with neutral hydroxylamine, Compound I, 
containing label from either serine-3-C™ or serine-1-C™, formed 
a compound which chromatographed on Dowex 50 identically 
with synthetic serine hydroxamate. Electrophoresis in 0.05 M 
citrate buffer, pH 3.9, revealed that the radioactivity of Com- 
pound I (labeled with P® from ATP (a-P®), migrated toward 
the cathode and coincided with the ultraviolet absorption of 
synthetic seryl adenylate. The above evidence strongly suggests 
that Compound I is seryl adenylate. 

The identity of the second unknown compound (Compound 
II) has not been established. Its general characteristics have 
been previously described (17). Recently, it has been shown 
that radioactive synthetic seryl adenylate is converted to Com- 
pound II in about 25 to 50% yield when it is subjected to the 
same isolation procedures as those used in the enzymatic isola- 
tion. This was a much smaller conversion than that observed 
with the enzymatic isolation. Such conversion, however, sug- 
gests that the total radioactivity found in Compounds I and II 
probably represents the amount of enzyme-bound seryl adenylate 
formed in the original reaction mixture, 7.e. approximately 10 to 
20% that of the incubated L-serine-C"™. 

Formation of Seryl-soluble-RN A—In the presence of ATP, 
MgCl, yeast soluble-RNA, pyrophosphatase, and DL-serine-3- 
C4 a crude rat liver supernatant fraction catalyzed the incor- 
poration of serine into soluble-RNA (Table V). Similar results 
were obtained with the serine enzyme. With enzyme concen- 


TABLE IV 
Incorporation of labeled substrates into Compounds I and II 
R ti S b- Radi ti it ac lv1ty ac lvl 
I II 
umole c.p.m. c.p.m. c.p.m. 
Complete Serine-3-C'4 0.2 120 ,000 870 | 8,700 
Complete Serine-1-C'4 0.02 84 ,000 715 =| 5,340 
Complete | ATP (a-P*) 0.2 | 1,220,000 | 5,700 0 
Complete | ATP-8-C4 0.5 210,000 800 0 
Complete | ATP (8,y-P*®) 1.0 | 1,320,000 0 0 
Serine-3-C'* 0.2 120,000 | 1,170¢ 
0.5 | 210,000} ses | 
Denatured | Serine-3-C!* 0.2 120,000 0 0 
enzyme 
No ATP Serine-3-C!4 0.2 120,000 0 0 


* Results represent the average of at least two experiments. 

’Complete reaction mixtures described under ‘Experimental 
Procedure,’ Isolation of Intermediates. 

¢ Equivalent to 0.002 umole. 

4 Equivalent to 0.0021 umole. 
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TABLE V 
Formation of seryl-RNA 

Type of enzyme concentration soluble-RNA 
mg/ml myumoles 
Complete Rat liver 4.4 2.47 
Complete Purified serine 0.0018 0.11 
Complete Purified serine 0.018 0.74 
Complete Purified serine 0.100 <0.01 
(Preincubated with | Purified serine 0.018 <0.01 

ribonuclease) 

—ATP Purified serine 0.018 0.50 
—RNA Purified serine 0.018 <0.01 
— Enzyme None <0.01 


* Complete reaction mixtures included 5 umoles of ATP, 10 
umoles of MgCl, 20 umoles of Tris buffer (pH 7.0), 10 ug of crys- 
talline pyrophosphatase, 0.067 umole of with 
76,000 c.p.m., 4 mg of soluble-RNA, and specified quantities of 
enzyme per ml. Mixtures were incubated for 10 minutes at 37°. 

> Reaction mixture minus enzyme was preincubated for 5 min- 
utes at 37° with 10 ug of crystalline ribonuclease. 


trations of 0.018 mg per ml, the labeling was less than one-third 
that obtained with the crude rat liver preparations, and at higher 
enzyme concentrations (0.1 mg per ml or greater), no labeling 
occurred. This inhibition at higher enzyme concentrations was 
shown to result from the presence of contaminating RNase which 
occurs in high concentrations in pancreatic tissue. The lack of 
much ATP dependence is due to contaminating ATP found by 
the firefly assay to be present in the soluble-RNA preparation. 


DISCUSSION 


The purified preparation displayed activity for tryptophan 
and glycyl-pL-serine as well as for L-serine. The tryptophan 
activity can best be explained by the presence of a separate 
tryptophan-activating enzyme as a contaminant of the enzymatic 
preparation. For example, serine was found not to be a sub- 
strate for highly purified tryptophan enzyme and different en- 
zyme preparations with similar specific activities in the serine 
hydroxamate assay could have as much as a 3-fold difference in 
their ability to catalyze formation of tryptophan hydroxamate. 
The possible activity of glycyl-pt-serine as a substrate was 
largely discredited by the demonstration of a magnesium-de- 
pendent peptidase which formed glycine and serine during the 
incubation. 

The general properties of serine-activating enzyme appeared 
similar to those of most amino acid-activating enzymes described 
thus far. For example, the enzyme catalyzed a pyrophosphate 
cleavage from ATP, the formation of an amino acyl hydroxamate 
and the incorporation of an amino acid into soluble-RNA. It 
was inhibited by low concentrations of p-hydroxymercuribenzo- 
ate, suggesting that the enzyme contains a free —SH group which 
is necessary for activity. 

In the absence of acceptors, enzymatically formed seryl adeny]l- 
ate was found. The approach was that of Davie, Koningsberger, 
and Lipmann who first proposed using large quantities of pan- 
creatic tryptophan-activating enzyme as a reactant for the isola- 
tion of enzyme-bound tryptophanyl adenylate (4, 31). Follow- 
ing this suggestion, Karasek et al. (5), Kingdon et al. (6), and 
Weiss et al. (32) independently isolated tryptophany] adenylate. 
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More recently, the results of Karasek have been expanded by 
Krishnaswamy et al. (33). : 

By the preparation of large quantities of partially purified 
serine-activating enzyme it was also possible to isolate an en- 
zymatically formed seryl adenylate in a manner similar to that 
employed by Kingdon et al. (6). Although the yield of radio- 
activity in the seryl adenylate isolated was small, it seems prob- 
able that the quantity formed in the incubation mixture was 
substantially larger and possibly equivalent to the total of that 
isolated in both the seryl adenylate and the unknown compound. 

Of possible significance is a comparison between the hydroxa- 
mate and P*®-pyrophosphate exchange assays with the serine- 
activating enzyme. Schweet et al. (34) have indicated that the 
ratio of specific activities obtained by these two methods re- 
mained roughly constant throughout purification of the tyrosine- 
activating enzyme. The ratio of pyrophosphate exchange to 
hydroxamate formation, depending on the particular activating 
enzyme involved, may be near unity or quite high (35-37). 
With the serine-activating enzyme, different preparations with 
similar specific activities in the hydroxamic acid test showed 
widely varying capacities to exchange P**-pyrophosphate into 
ATP. Furthermore, with aging, one preparation lost 80% of its 
exchange capacity while retaining about 90% of its hydroxamate- 
forming ability until the exchange was only slightly higher than 
the hydroxamate specific activity. Although pyrophosphatase 
and ATPase are contaminants of these enzyme preparations, it 
seems unlikely that their presence accounts solely for the differ- 
ences observed. The explanation for this observation is not 
clear but further purification of the enzyme may offer more in- 
formation. 


- 


SUMMARY 


A serine-activating enzyme has been purified about 90-fold 
from the supernatant fraction of a beef pancreas homogenate. 
The enzyme has been characterized as to its kinetic properties 
(pH optimum, ion requirements, effects of substrate concentra- 
tions, inhibitors) in the hydroxamate and pyrophosphate ex- 
change assays. ‘The enzyme also catalyzes the transfer of acti- 
vated serine to soluble ribonucleic acid. 

When stoichiometric amounts of serine-activating enzyme, 
serine, and adenosine triphosphate were allowed to react in the 
presence of magnesium ions and pyrophosphatase, seryl adenylate 
was isolated after denaturation of the enzyme. The properties 
of this compound were identical with those of chemically synthe- 
sized seryl adenylate, as judged by paper electrophoresis, con- 
version to the hydroxamate, column chromatography, and the 
simultaneous incorporation of adenosine triphosphate-8-C™ and 
serine-3-C" in a 1:1 stoichiometry. 
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In 1953, Weiss (2) observed that crude homogenates of thyroid 
tissue would actively bind radioiodide when supplemented with 
both cupric ion and tyrosine. Subsequent examination showed 
that the radioiodide ion was being bound in the form of free 
monoiodotyrosine (3, 4). Weiss believed that cupric ion func- 
tioned as a coenzyme. Fawcett and Kirkwood (3), on the other 
hand, suggested that the function of the cupric ion was to gen- 
erate elemental iodine from iodide and thus replace the function 
of an oxidizing enzyme that is active in intact thyroid tissue, 
but is not active in homogenates. ‘This hypothesis was based 
on Weiss’s claim (2) that the copper-supplemented system is not 
dependent upon molecular oxygen, and that this system there- 
fore utilizes some oxidant other than that (molecular oxygen) 
used by intact thyroid tissue. Subsequent studies on the kinetics 
of iodination of this system, however, established that the oxi- 
dation process is enzyme-catalyzed (5). It has also been shown 
that the system is sensitive to the action of catalase, indicating 
the involvement of hydrogen peroxide. In view of these find- 
ings, the claim that cupric ion-supplemented systems do not 
require molecular oxygen was reinvestigated and found to be in 
error (1). Molecular oxygen could be completely replaced by 
added hydrogen peroxide, further establishing that the oxida- 
tion step required in the iodination process is carried out by a 
peroxidase (1). The nature of this peroxidase has been con- 
siderably clarified by Alexander (6). The purpose of the present 
communication is to report some recent observations on the ion 
requirements of this system, and to present further evidence as 
to the function of cupric ion. 


EXPERIMENTAL PROCEDURE 


Crude Enzyme System—Submaxillary salivary glands were 
excised as quickly as possible from female rats which had been 
killed by cervical dislocation. The submaxillary tissue was 
freed from attached sublingual tissue, and a 5% homogenate in 
distilled water was prepared by grinding it in a Potter-Elvehjem 
homogenizer at 0°. The homogenate was centrifuged at 17,000 
X g for 30 minutes at 2° and the supernatant solution used as 
the crude enzyme system. 

Purified Enzyme System—The crude enzyme preparation was 
warmed to 38° and glacial acetic acid added, with stirring, until 


| the pH fell to 4.7. The preparation was kept at this temperature 


*Paper No. 4425, Scientific Journal Series, Minnesota Agri- 


_ cultural Experiment Station. This work was supported by a 
_ gant from the Research Corporation. Paper II in this series 
has appeared previously in this journal (1). 
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and pH for 10 minutes, cooled to 2°, and centrifuged at 17,000 
< g for 5 minutes. The supernatant solution constitutes the 
purified enzyme system. 

Incubation Procedure—All incubations, with the exception of 
those under anaerobic conditions, were carried out in No. 00 
Coors porcelain crucibles maintained at 38° in a water bath. 
Each crucible contained 0.1 ml of the appropriate concentration 
of iodide ion, 0.1 ml of carrier-free radioiodide containing 50 uc of 
radioactivity, 0.2 ml of 0.04 m sodium-t-tyrosine solution or an 
equivalent amount of N-acetyl-L-tyrosine, 0 to 0.2 ml of the 
appropriate concentration of metal ions, gramine oxide peroxide 
or hydrogen peroxide, 1.0 ml of the appropriate pH 7.4 buffer, 
1.0 ml of the appropriate enzyme preparation, and water to bring 
the final volume to 3.3 ml. The pH was adjusted to 7.4 if the 
buffer did not control at this value. In those cases in which the 
buffer strength was not sufficient to maintain the pH, it was 
monitored continuously during the experiment and controlled at 
7.4 by appropriate additions of acid or base. 

Experiments Carried Out Under Anaerobiosis—These experi- 
ments were carried out in Thunberg tubes in the following man- 
ner. All additions, with the exception of the gramine oxide 
peroxide and the enzyme preparation, were made to the main 
body of the tube in a final volume of 0.9ml. The gramine oxide 
peroxide was added as 0.25 ml of an aqueous solution in a small 
test tube that was placed upright in the main body of the Thun- 
berg tube so that the solutions did not mix. The enzyme (0.5 ml) 
was added to the side arm of the Thunberg tube; the tube was 
assembled to a manifold equipped with a manometer and was 
evacuated with a water pump. It was then filled with a 95% 
N:2-5% CO: mixture, and the evacuation and refilling procedure 
was repeated twice more. On the last filling, the pressure was 
adjusted to 5 cm of Hg below atmospheric. The tubes were 
then brought to 38° in a water bath and the three solutions mixed 
by inverting. At the end of the experiment, the pressure in 
each of the tubes was measured to check for leaks and the tubes 
were then opened and the contents analyzed in the usual fashion. 

Preparation of Gramine Oxide Peroxide—This substance was 
prepared according to the procedure of Henry and Leete (7) and 
recrystallized from ethanol until the melting point was 120-121° 
corrected. 

Methods of Paper Chromatography and Radioautography—All 
samples were analyzed by chromatography on Whatman No. 1 
filter paper which had been treated with 0.1 m phosphate buffer 
at pH 7.8. The general techniques used have been described 

elsewhere (3-5). The chromatography solvent was the upper 
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layer of a 1-butanol-acetic acid-water mixture in the volume 
proportions of 68:2:27. The position of radioactive spots was 
determined by radioautography on x-ray film. 

Quantitative Estimation of Radioactivity Present in Chromato- 
graphic Spots—To determine the proportion of iodine in the 
different chemical forms present at the end of each experiment, 
the radioactive spots were cut out, the paper folded into small 
squares, and disintegrations were counted in a scintillation 
counter. All counts were made for a sufficient length of time 
to reduce the statistical error to 2°% or less. The radioiodine 
present in each spot was expressed as a percentage of the total 
radioiodine present on each chromatogram. 


RESULTS AND DISCUSSION 


Effect of Phosphate Ion Concentration on Activity of System—In- 
creasing concentrations of phosphate stimulate the iodinating 
activity of crude enzyme preparations. This effect is observable 
both in preparations that have been supplemented with cupric 
ion and in those which have not (Fig. 1). The manner in which 
phosphate functions is not clear, but it has been observed that 
phosphate ion catalyzes the iodination of aniline in aqueous 
solution (8). Tris buffer gives activity comparable to that with 
high phosphate, over a range of concentration, and is, in many 
respects, a better buffer to use with this system (Fig. 2). 

Effect of Metal Ions—Previous work established that cupric 
ion markedly stimulates the system. It has now been found 
that manganous ion increases the effect of cupric ion (Fig. 3), and 
experiments with a purified system (to be discussed below) have 
shown that manganese acts as a synergist of copper. Cupric 
and manganous ion supplementation stimulate the system to a 
high rate of synthesis that falls off rapidly with time. The 
unsupplemented system, on the other hand, shows a steady rate 
of synthesis over a comparatively long period of time. As a 
result, the performance of the unsupplemented system is negligi- 
ble compared with that of the supplemented system in short 
time experiments, but as the time of the experiment is prolonged, 
the performance of the two becomes more nearly comparable. 
A series of ions, other than cupric and manganous, have been 
studied and found to have either a negligible effect or to inhibit 
the svstem (Fig. 3). 

Effect of EDTA'—In an attempt to determine the role of 
endogenous ions in the unsupplemented system, the effect of the 
chelating agent EDTA was examined. This substance chelates 
many divalent metal ions and inhibits at least some of their 
catalytic functions. It inhibits, for instance, the catalytic effect 
of cupric ion on the autoxidation of ascorbic acid (9). The 
addition of EDTA to the unsupplemented system decreases its 
activity, but does not inhibit it completely (Fig. 4). This 
inhibiting action can be reversed by the addition of sufficient 
cupric ion. Since it now appears that cupric ion functions as 
part of a system which generates hydrogen peroxide (see below), 
and since this ability of the ion is completely inhibited by EDTA 
(9), it follows that an appreciable part of the activity of the 
unsupplemented system is due to something other than the 
cupric ion. 

Preparation of Purified Enzyme System for Studies on Metal 
Ion Function—To study the mechanism whereby metal ions 
activate the soluble system, it is advantageous to have a prepa- 
ration purified to the point at which it has no activity in the 


1 The abbreviation used is: EDTA, ethylenediaminetetraacetic 
acid. 
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Fic. 1. Effect of phosphate concentration on the unpurified 
system. Incubation carried out as described in text; sodium 
phosphate buffer pH 7.4, 2.4 X 10-* M L-tyrosine, 1 X 10-5 m KI, 
50 ue of incubation time, 60 minutes at 38°. A.2.4 10-3 
CuCl; B.no 
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Fig. 2. Effect of Tris and phosphate buffers at pH 7.4 on the 
unpurified system. Tyrosine, KI, I'*!, incubation time and tem- 
perature asin Fig. 1. A. Tris buffer; B. sodium phosphate buffer. 
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Fic. 3. Activating effect of manganous ion on the unpurified 
system. Tris buffer, 0.166 m pH 7.4, L-tyrosine 1.1 X 107? Mm. 
KI, I'*!, incubation time and temperature as in Fig. 1. A.0.5 X 
10-3 mM MnCl. and 0.5 X 10-3 mM CuCl.; B. 1 10-3 m CuCl,; C. no 


metal ions; D. same as A except enzyme previously heated to 96° | 


for 5 minutes. The following ions when substituted for man- 


ganous have a negligible or inhibitor effect: Ca*+, Sr**, Ba**, | 


Mgt+, Znt+, Nit*+, Al***+, Cd**, Agt, Hg*t*, Pbt*. Co**, Fe*, 


and Fe+** have a slight activating effect on the unpurified system | 


and no effect on the purified system. 


absence of added ions. Otherwise, the activity of the unsup- 


plemented preparation obscures any effect obtained by additions | 
to the system. When the crude homogenate is maintained for | 


10 minutes at 38° in the pH range 4 to 5, the resulting supernatant 
solution has no endogenous activity at pH 7.4. Activity can be 


restored by the addition of cupric and manganous ions (Fig. 4). _ 
The precipitate presumably carried down some factor(s) neces- © 
This purified system shows no 
tendency to sediment at 185,000 x g in a Spinco model E cer- | 
trifuge? and, therefore, does not appear to be associated with E 


sary for endogenous activity. 


particulate material. 


2 The authors would like to express their thanks to Dr. D. R.~ 


Briggs for conducting the ultracentrifuge runs. 
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Optimal Concentrations of Metal Ions for Reactivation of Puri- 
fied System—With purified enzyme, cupric and manganous ions 
together produce effects similar to those observed with the 
unpurified system. However, without added cupric ion, the 
effect of manganous ion is negligible (Fig. 6). A plot of cupric 
ion concentrations against iodinating activity shows a pro- 
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Fic. 4. Effect of EDTA. Sodium phosphate buffer, 0.15 mM, pH 
7.4. Tyrosine, KI, I'*!, incubation time and temperature as in 
Fig. 1. A. 4 10°°m EDTA, 8 X 10-3 mM CuCle. The same plot 
is obtained with 1 K 10-3 m CuCl: alone, showing that EDTA 
does not affect the system other than by forming complexes with 
copper. JB. same as A except no metal ion or EDTA; C. same as 
A except no metal ion. 
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Fig. 5. Effect of pretreating the unpurified system at different 
pH reactions on its activity (endogenous and metal ion-supple- 
mented) at pH 7.4. Aliquots of the crude enzyme preparation 
were carefully adjusted to the stated pH by adding HCl at 38°. 
They were kept under these conditions for 10 minutes, centrifuged, 
and the supernatant solution was assayed. Tris buffer 0.2 mM, pH 
7.4. Tyrosine, KI, I'*!, incubation time and temperature as in 
Fig. 1. A. CuCl. and MnCl., each at 0.5 10-3 m; B. no metal 
ions added. 
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Fic. 6. The effect of manganous ion on the copper-activated 
purified system. Tris buffer pH 7.4, tyrosine, KI, I’*!, incubation 
time and temperature as in Fig. 1. A. CuCl. and MnCl», each at 
0.5 X 10°? m; B. 1 X m CuCl2; C. 1 X MnCl.; D. no 
metal ion added. 
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Cu** CONC.,MOLES/LITER 
Fig. 7. Effect of cupric ion concentration on the activity of the 


purified system. Buffer, tyrosine, KI, I'*!, incubation time and 
temperature as in Fig. 6. Cupric ion added as CuCls. 
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Fic. 8. Effect of manganous ion concentration on the activity 
of the copper-supplemented purified system. Buffer, tyrosine, 
KI, ['*!, incubation time and temperature as in Fig. 6; 1 X 10-3 


M CuCl, added to each crucible; Mn** added as MnCls. 


nounced peak at about 3 K 10-3 m (Fig. 7). At higher concen- 
trations, cupric ion inhibits the system. At the optimal copper 
concentrations, the activating effect of manganous ion increases 
with concentration, reaching a maximal effect at 10° m. It 
shows no inhibition at 10-? mM, the highest concentration investi- 
gated (Fig. 8). 

Mechanism of Action of Cupric Ion—The soluble system has 
been previously shown to require molecular oxygen which 
functions by reacting with some oxidizable substance in the 
medium to produce hydrogen peroxide (1). Hydrogen peroxide 
is utilized by the enzyme system that oxidizes iodide ion to the 
species required for the substitution reaction. 

It is possible that cupric ion acts by bringing about the forma- 
tion of hydrogen peroxide in the system. Traube (10) first 
advanced the claim that suspensions of copper and solutions of 
cuprous ion spontaneously reduce molecular oxygen to hydrogen 
peroxide. This claim was at first challenged by Wieland, but 
he later confirmed Traube’s observations (11). Lyman, Schultze, 
and King (12) were able to show that the autoxidation of cuprous 
ion was a part of the mechanism of the copper-catalyzed autoxi- 
dation of ascorbic acid. Ascorbic acid reduces cupric ion to the 
cuprous state; this autoxidizes to the cupric state, which can 
then re-enter the cyclic process. Since preparations of the solu- 
ble system contain reducible material (protein-SH and tyrosine), 
the added cupric ion may well function in the above manner. 
Hydrogen peroxide should then completely abolish the require- 
ment of the system for molecular oxygen and for cupric ion. 
That hydrogen peroxide indeed abolishes the requirement for 
molecular oxygen has been reported previously (1). However, 
two previous attempts to demonstrate that hydrogen peroxide 
could remove the requirement for cupric ion met with only limited 
success (1, 3). Although hydrogen peroxide was shown to cause 
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Fic. 9. Effect of gramine oxide peroxide concentration on the 

purified system maintained under anaerobic conditions. Buffer, 

tyrosine, KI, I'*!, incubation time and temperature as in Fig. 6. 

A. 1X m CuCl, in addition to gramine oxide peroxide; B. 


gramine oxide peroxide only. An aerobic control supplemented | 


with 1 X 10-* mM CuCl, gave 67% monoiodotyrosine under the same 
conditions. 
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Fig. 10. Effects of EDTA and neocuproine on the purified sys- 
tem. Sodium phosphate buffer, 0.15 m pH 7.4, N-acetyl-L-tyro- 
sine, 2.4 X m. KI, incubation time and temperature as 
in Fig.6. A.3 10-*m H.O2; B. same as A plus4 X 10-*M EDTA 
and 3 X 10-4 m neocuproine; C. 1 X m CuCl.; D. 1 XK 10°? m 
CuCl, and 4 X 10°? m EDTA (the EDTA and I'*! were added 10 
minutes after the enzyme); E. 1 X 10-3 m CuCle and 3 X 10°* m 
neocuproine (neocuproine and I'*! added 10 minutes after the 
enzyme); F. same as E except enzyme, neocuproine, and I['*! added 
at the same time as the enzyme; G. same as D except EDTA and 
I'31 added at the same time as the enzyme. 
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Fig. 11. Effect of manganous ion on the activity of the purified 
system when replaces Cut+. N-Acetyl-L-tyrosine 2.4 X 
10-*m. Buffer, KI, I'*!, and incubation temperature as in Fig. 6. 
H:O2 was added just before the enzyme and the incubation time 
was 5minutes. A. H,O2 added at stated concentrations; B. same 
as A plus 1 X 10-? mM MnCl,; C. same as A plus 1 XK 10-2? m MnCl; 
D. same as B except enzyme previously heated to 96° for 5 min- 
utes. 
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significant synthesis of monoiodotyrosine, it was by no means 
as effective as hydrogen peroxide in the presence of cupric ion 
(1). This was interpreted to mean that the main function of 
copper is concerned with processes subsequent to the generation 
of hydrogen peroxide. 

The relative roles of cupric ion and hydrogen peroxide have 
been reinvestigated with the highly active purified system, in the 
presence of 0.2 m Tris buffer, under anaerobic conditions. 
Gramine oxide peroxide was used as a source of hydrogen per- 
oxide in these experiments. This substance is a stable crystalline 
molecular compound of hydrogen peroxide with a definite com- 
position (7). Since gramine oxide, the carrier of hydrogen 
peroxide, is a neutral water-soluble substance, it is an excellent 
form in which to add hydrogen peroxide to enzyme systems. 
Fig. 9 shows the effect of increasing concentrations of gramine 
oxide peroxide on the extent of monoiodotyrosine synthesis by 
the purified system in the presence and absence of added cupric 
ion. It is evident that, at the optimal concentration of gramine 
oxide peroxide, the addition of cupric ion has a negligible acti- 
vating effect on the system. Thus under these conditions, 
hydrogen peroxide can replace the function of both oxygen and 
cupric ion. The difference between the two curves at higher 
concentrations of gramine oxide peroxide is very probably due 
to the copper catalysis of the nonenzymatic oxidation of iodide 
to iodine by high concentrations of hydrogen peroxide. Boiled 
enzyme showed the same incorporation of iodide into mono- 
iodotyrosine as an unboiled preparation when they were incu- 
bated in the presence of 10-3’ m Cut+ and 10-? M gramine oxide 
peroxide, indicating nonenzymatic oxidation at this high con- 
centration of gramine oxide peroxide. 

These data show that the purified system in the presence of 


0.2 m Tris buffer behaves differently than the crude system in 


the presence of 0.02 m phosphate buffer (1). This has been 
traced to the difference in buffer strength. In previous experi- 
ments, the phosphate buffer was not able to control the pH 
shift occasioned by the substitution of H.O2 for CuCle (an acid 
salt) and, as a result, the pH was raised above the optimal 7.4 
in the peroxide-supplemented preparations. Hence the mono- 
iodotyrosine synthesis in these preparations never achieved 
the levels reached in the cupric ion-supplemented control. 
Further evidence concerning the mechanism of action of 
copper can be obtained from the use of the complexing agent 
neocuproine.*? This substance is highly specific for cuprous 
ion, has a reasonable degree of solubility in water, and the 
cuprous ion complex is not autoxidizable (9). If the role of 
copper in this system is to take part in a cyclic oxidation-reduc- 
tion process involving the generation of hydrogen peroxide, then 
the copper-supplemented system should be sensitive to both 
EDTA and neocuproine. EDTA forms complexes with cupric 


ion preventing its reduction to cuprous ion, forms neocuproine 
complexes with cuprous ion and prevents its autoxidation to | 
In either case, the production of hydrogen peroxide ! 
by the autoxidation process will be inhibited. The crude system | 


cupric ion. 


has already been shown to be sensitive to EDTA, although re- 


sults are obscured, since the crude system has appreciable ac- © 
Fig. 10 


shows the effect of both neocuproine and EDTA on the purified © 


tivity in the absence of added cupric ion (Fig. 4). 


system. An EDTA concentration 4 times that of the added ; 


3 Obtained from the G. Frederick Smith Company, Columbus, 
Ohio. 
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cupric ion completely inhibits the system. A saturated solution 
of neocuproine (approximately 3 x 10-* M) greatly reduces the 
activity of the system. It is possible that the failure of neo- 
cuproine to suppress activity completely is caused by its limited 
solubility. When the EDTA is added 10 minutes after the 
cupric ion, there is appreciable synthesis of monoiodotyrosine. 
When this experiment is repeated with neocuproine, the extent 
of inhibition is the same as when the neocuproine is added 
before cupric ion. This difference in action between the two 
chelating agents may well be due to the reduction of cupric to 
cuprous ion in the 10-minute period before the addition of the 
reagent. In the case of EDTA, the autoxidation of the cuprous 
ion already formed would not be prevented, and there would be 
a limited production of hydrogen peroxide until the cuprous ion 
was exhausted. In the case of neocuproine, however, the 
cuprous ion formed in the 10-minute period would be complexed 
immediately and prevented from forming hydrogen peroxide. 
Neither chelating agent inhibits by means other than complexing 
metal ions, since a mixture of the two has a negligible effect on 
the performance of the peroxide-supplemented system (Fig. 10). 
These experiments are in accord with the idea that the function 
of cupric ion in the soluble system is to produce hydrogen per- 
oxide by undergoing a cyclic oxidation and reduction. 

Mechanism of Synergistic Action of Manganous Ion—Some 
evidence has been obtained for the locus of action of manganous 
ion. It activates the performance of the hydrogen peroxide 
supplemented system (Fig. 11) at the optimal concentration of 
hydrogen peroxide. It would appear from this that manganous 
ion activates the system at some point subsequent to the genera- 
tion of hydrogen peroxide. 


SUMMARY 


1. The effect of buffer ion concentration and of a number of 
metal ions on the soluble monoiodotyrosine-synthesizing enzyme 
system from rat salivary gland has been determined. 
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2. Conditions have been established for the purification of 
this system to the point at which it possesses no activity in the 
absence of added cupric ion. This purified system does not 
sediment at 185,000 x g (Spinco model E centrifuge). 

3. It has been established through the use of this purified 
system, and the two metal-complexing agents ethylenediamine- 
tetraacetic acid and neocuproine, that the activating effect of 
cupric ion is due to its ability to bring about the formation of 
hydrogen peroxide. Hydrogen peroxide has been shown to com- 
pletely replace the cupric ion requirement of this system. 

4. Manganous ion has been shown to function as a synergist 
of copper, and appears, in some way, to activate the system at 
a point subsequent to that at which hydrogen peroxide is gen- 
erated. 
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A recent investigation by Van Pilsum and Wahman (1) 
revealed low kidney transamidinase activities in vitamin E- 
deficient rabbits. One logical mechanism to explain this finding 
is suggested by the observation that dietary creatine depresses 
kidney transamidinase activity in rats (2, 3). If the creatinuria 
of vitamin E deficiency depresses glycocyamine synthesis by 
kidney transamidinase while creatine synthesis in the whole 
animal is normal (1) or increased (4, 5), it would indicate that 
feedback depression of kidney transamidinase by creatine does 
not regulate creatine synthesis. It thus seems important to 
establish the cause of the reduced kidney transamidinase activity 
in vitamin E-deficient rabbits. Accordingly, we have investi- 
gated the mechanism of kidney transamidinase depression by 
vitamin E deficiency. The evidence obtained supports the 
hypothesis that the depression is secondary to excessive creatine 
excretion. A direct effect of vitamin E on transamidinase could 


not be demonstrated. 


EXPERIMENTAL PROCEDURE 


New Zealand rabbits of both sexes, initially weighing approxi- 
mately 500 g each, were given a vitamin E-deficient purified 
basal diet (6), and as prophylaxis for coccidiosis certain animals 
received 0.04% sodium sulfaquinoxaline in the drinking water 
for 3-day periods alternating with 2-day periods of untreated 
water. The control rabbits were given oral supplements of 
8 mg of dl-a-tocopheryl acetate in corn oil per kg of body 
weight three times weekly. After 3 to 4 weeks, when all 
the vitamin E-deficient rabbits were severely dystrophic, kidney 
transamidinase activities were measured by the procedure of 
Van Pilsum et al. (7). The Sims method for developing the 
Sakaguchi color was used (8). Three of the control animals 
were fed creatine as 5% of the purified diet (creatine-fed control 
rabbits) for 5 days before kidney transamidinase assay. The 
Folin procedure (9), with minor modifications, was used to meas- 
ure creatine and creatinine concentrations of bladder urine of 
these creatine-fed contro] animals as well as of many other con- 
trol and vitamin E-deficient rabbits at the time the animals 
were killed. 

Several attempts were made to demonstrate a direct effect 
of vitamin E on kidney transamidinase. 
transamidinase activity was measured after kidneys from vitamin 
E-deficient rabbits had been homogenized in the presence of 
a-tocopherol. In other experiments, 1:1 mixtures of kidney 
homogenates from vitamin E-deficient and control rabbits were 


* Supported by research grant No. A-3615 from the National 
Institutes of Health, United States Public Health Service. 

+ This study was conducted during the tenure of a Russell M. 
Wilder National Vitamin Foundation Fellowship. 
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assayed for transamidinase activity and compared to the activi- 
ties of the homogenates before mixing. Finally, the rate of 
recovery of transamidinase activity after the intraperitoneal 
injection of 41.7 mg of d-a-tocophery] polyethylene glycol 1000 
succinate (equivalent to 10 mg of a-tocopherol)! into vitamin 
E-deficient rabbits was measured. 

The relative importance of the kidney in glycocyamine syn- 
thesis by the rabbit was estimated by following the incorporation 
of glycine-1-C' into skeletal muscle creatine by nephrectomized 
and sham operated control rabbits. Both groups of rabbits 
were subjected to a combination of ether and sodium pentobar- 
bital anesthesia, laparotomy, and the manipulation of the kid- 
neys, except that the kidneys were left intact in the sham op- 
erated animals. After the animals regained consciousness, 
two sham operated and two nephrectomized rabbits were each 
given an intravenous injection of 100 we of glycine-1-C'™ (1 me 
per mmole) per kg of body weight. One sham operated and 
one nephrectomized rabbit were given an intravenous injection 
of 20 ue of glycocyamine-2-C™ (1.05 me per mmole) per kg of 
body weight. All animals were killed 4 hours after injection 
of the radioactive material and skeletal muscle creatine was 
isolated for counting as the creatinine zinc chloride salt (5). In 
several instances, muscle creatine was also isolated as the 
potassium creatinine picrate (10), so that the two methods of 
isolation could be compared. The radioactivity of liver pro- 
teins obtained by the Schneider fractionation procedure (11) was 
determined in each case to prove the adequacy of the injections. 
All samples were counted in metal planchets with an end window 
Geiger tube, and the observed counts were corrected to infinite 


thinness. 
RESULTS 


A summary of the kidney transamidinase activities and the 
creatine to creatinine ratios of the various groups of animals is 
presented in Table I. It is apparent that the vitamin E-deficient 
rabbits had as significant creatinuria as did the control rabbits 
which were fed creatine. Both creatine feeding and vitamin E 
deficiency reduced kidney transamidinase activity, whereas 
sodium sulfaquinoxaline had no effect on transamidinase levels. 


The relationship of creatine excretion to transamidinase ac- | 
tivity is shown in Fig. 1, in which kidney transamidinase activity | 
is plotted against the creatine to creatinine ratio of bladder © 


urine. Transamidinase activity at first falls rapidly with in- 
creasing creatine excretion and reaches a minimum at a creatine 
to creatinine ratio of 3.5. 


1 The d-a-tocopheryl polyethylene glycol 1000 succinate was 
kindly supplied by Dr. Stanley R. Ames of Distillation Products 


Industries. 
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The recovery of kidney transamidinase activity lagged be- 
hind the return of creatine excretion to normal in the vitamin 
E-deficient rabbits which were injected with d-a-tocopheryl 
polyethylene glycol succinate (Table II). Other attempts to 
demonstrate a direct effect of vitamin E on the transamidinase 
were likewise unsuccessful. Homogenizing 7, 8, or 44 mg of 
dl-a-tocopherol per g of tissue directly with kidneys from vitamin 
E-deficient rabbits failed to increase the transamidinase activity. 
Similarly, mixing kidney homogenates from control and vitamin 
E-deficient rabbits gave only additive results (Table III), as 
would be expected if the reduced transamidinase activity were 
due to low enzyme concentration rather than absence of cofactors 
or presence of inhibitors. 

Considerable extrarenal synthesis of glycocyamine by rabbits 
is indicated by the data in Table IV. The specific activity of 
muscle creatine of the nephrectomized rabbits was about 50% 
of that of the sham operated rabbits when glycine-1-C™ was the 


TABLE I 
Kidney transamidinase in rabbits 


Supplements to basal diet® 
‘di tivity? Usinney creatine 
Viti Nas Cres ransamidinase activi rinary ~catinine 
oxaline 
+ + | — | 24.4 + 0.88¢ (18)¢ | 0.14 + 0.04 (14) 
se + _ 7.2 + 0.35 (9) 4.5 + 0.97 (6) 
‘ie ie tm 6.8 + 0.98 (3) 3.2 + 0.52 (3) 
+ | — | — | 20.8 + 0.49 (4) 


2See ‘‘Experimental Procedure”’ for details of the supple- 
mentation of the diet. 

> Number of umoles of glycocyamine formed per hour per g wet 
weight of kidney. 

¢+ Standard error. 

4 Number of animals in each group is given in parentheses. 


35- 


TRANSAMIDINASE ACTIVITY (u MOLES GLYCOCYMINE PER 


HR. PER 9. WET WT of KIDNEY) 


eee 2 3 4, 5 8 9 
RATIO OF CREATINE TO CREATININE IN URINE 
Fic. 1. The relationship of kidney transamidinase activity to 
Creatine excretion. Creatine and creatinine concentrations were 


measured in the urine present in the bladder of the rabbits when 
they were killed for the transamidinase assay. 
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TaBLe II 
Recovery of kidney transamidinase activity in vitamin E-deficient 
rabbits 


Severely dystrophic rabbits were each given 41.7 mg of d-a- 
tocophery! polyethylene glycol 1000 succinate intraperitoneally. 
One animal was killed at each time interval. 


0 | 4.5T 
4 | 5.1 
5 | 3.5 
40 7.8 0.45 
79 13.3 0.33 
120 | 14.5 0.27 


* Number of umoles of glycocyamine formed per hour per g wet 
weight of kidney. 


t Average for the vitamin E-deficient group shown in Table I. 


TABLE III 


Effect of mixing homogenates from control 
and vitamin E-deficient rabbits 


For these assays of transamidinase activity, the incubation 
mixture consisted of 20 umoles of glycine, 20 umoles of L-arginine, 
and either 0.5 ml of 4% kidney homogenate from control or vita- 
min E-deficient rabbits or a mixture of 0.25 ml from a vitamin E- 
deficient and 0.25 ml from a control rabbit in a total volume of 
1.5 ml of 0.067 m phosphate buffer pH 7.4. 


Glycocyamine formed 


Control 


Vitamin E-deficient 1:1 mixture 
umoles/g wet wt. kidney/hr 
18.5 6.3 12.9 
27.0 6.0 13.2 
20.5 | 8.4 13.4 
TaBLe IV 
Creatine formation in nephrectomized rabbits 
| Muscle creatine 
| specific activity* 
Operation C'4-labeled precursor | Liver protein 
Creatinine | Potassium 
zinc creatinine 
chloride picrate 
c.p.m./mg 
Nephrectomy Glycine 9.6 43 
Nephrectomy Glycine 4.9 7.7 49 
Sham Glycine 15.4 15.2 43 
Sham Glycine 13.0 12.6 47 
Sham Glycocyamine 303 1 
Nephrectomy Glycocyamine 337 1 


* Counts per minute per umole of creatine. 


creatine precursor. 


When glycocyamine-2-C™ was the creatine 


precursor, nephrectomy did not influence the specific activity of 
the muscle creatine. Liver protein specific activity was similar 
in the sham operated and nephrectomized rabbits, with glyco- 
cyamine contributing negligible radioactivity to protein. 


DISCUSSION 


The low kidney transamidinase activity of the vitamin E- 
deficient rabbits confirms the report of Van Pilsum and Wahman 
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(1), but our control rabbits exhibited much higher kidney trans- 
amidinase activity than has previously been reported for rabbits 
(1,7, 12). Itis apparent from the data of Table I that this was 
not due to the addition of sodium sulfaquinoxaline to the drinking 
water. Other possible explanations include the difference in 
diets and the smaller size of the rabbits which were used in our 
experiments. 

The close correlation of creatine excretion to reduced kidney 
transamidinase activity is consistent with the hypothesis that 
the enzyme reduction is secondary to increased creatine excretion. 
It is evident from the creatine feeding experiments that such a 
feedback depression of transamidinase aetivity can occur in 
rabbits. Further support for the hypothesis is furnished by the 
failure of parenteral vitamin E to increase kidney transamidinase 
activity before the creatinuria of vitamin E deficiency ceased. 
On the other hand, a direct effect of vitamin E on the transam- 
idinase could not be demonstrated by the addition of vitamin 
E in vitro to kidney homogenates or by mixing kidney homog- 
enates from normal and vitamin E-deficient rabbits. It seems 
justified, therefore, to conclude that the low kidney trans- 
amidinase of vitamin E-deficient rabbits is the result of feedback 
depression of enzyme activity by the excess creatine which 
passes through the kidneys. This implies that the feedback 
depression of kidney transamidinase activity must be relatively 
unimportant in regulating creatine synthesis if the rate of creatine 
synthesis is normal (1) or increased (4, 5) in the vitamin E-de- 
ficient rabbit. 

Earlier reports (4, 5) suggesting increased creatine synthesis 
by vitamin E-deficient rabbits have recently been questioned by 
Van Pilsum and Wahman (1) who carried out a balance study 
of creatine and creatinine excretion and total -body creatine in 
control and vitamin E-deficient rabbits. In the balance ex- 
periments, which indicated normal creatine synthesis, large 
rabbits (1 kg) which are less susceptible to vitamin E deficiency 
were used, and no comment on the clinical status of the animals 
was given. The degree of deficiency is important, since in- 
creased creatine synthesis may occur only late in the syndrome 
after the creatine stores have been depleted. Also, the balance 
technique may not be sensitive enough to detect a change in 
the rate of creatine synthesis if it occurs in the last few days of 
the experiment. 

Regardless of whether creatine synthesis is normal or increased 
in vitamin E-deficient rabbits, the rate of synthesis must not 
depend on the level of kidney transamidinase activity as it is 
measured in vitro. To account for this apparent discrepancy, 
depression of kidney transamidinase activity may be accompanied 
by an increase in extrarenal transamidinase activity, which was 
found to be large in nephrectomized rabbits. However, it 
seems more probable that the amount of transamidinase normally 
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present is considerably in excess of that required to supply enough 
glycocyamine for creatine synthesis, even in vitamin E-deficient 


animals. 
SUMMARY 


Kidney transamidinase activity was measured in vitamin 
E-deficient, control, and creatine-fed control rabbits. Vitamin 
E-deficient rabbits exhibited as low kidney transamidinase 
activities as did creatine-fed control rabbits. The transamidi- 
nase activity in vitamin E-deficient rabbits which were given 
parenteral d-a-tocopheryl polyethylene glycol 1000 succinate 
remained low until after the creatinuria had ceased. Addition 
in vitro of dl-a-tocopherol or of normal kidney homogenate to 
kidney homogenates from vitamin E-deficient rabbits did not 
increase the enzyme activity of the latter. Thus it appears 
that the reduced enzyme activity is not the direct result of 
vitamin E deficiency, but that it can best be explained by feed- 
back depression of transamidinase activity by the excess creatine 
presented to the kidneys. 

Considerable extrarenal synthesis of glycocyamine is indicated 
by the incorporation of glycine-1-C'™ into muscle creatine of 
nephrectomized rabbits. Either an increase in extrarenal syn- 
thesis of glycocyamine (in vitamin E deficiency) or a normal 
excess of kidney transamidinase (which is reduced in the de- 
ficiency) could account for the presence of normal or increased 
creatine synthesis in spite of reduced kidney transamidinase 
activity. 


Acknowledgments—We are indebted to Dr. J. F. Diehl for 
furnishing many of the control and vitamin E-deficient rabbits 
and to Mrs. Hope Lehman and Mr. Sam Maben for valuable 
technical assistance. 
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In recent years, two novel metabolic control mechanisms have 
been discovered in unicellular organisms (cf. 1, 2). Both mech- 
anisms employ the negative feedback principle, in which input 
is regulated by output. Each of these feedback controls is most 
effective when it operates on the first enzyme of a biosynthetic 
sequence. In the first type of control, the ultimate end product 
of the biosynthetic sequence inhibits the catalytic activity of 
the first enzyme of the sequence. In the second type of control, 
the ultimate end: product exerts a negative feedback control of 
the concentration of the first enzyme of the biosynthetic se- 
quence. It has been suggested that enzyme repression, as the 
second type of negative feedback is called,! is of fundamental 
importance in controlling the levels of intracellular enzymes in 
bacteria. Indeed, evidence has been obtained which indicates 
that enzyme induction in bacteria involves reversal of an en- 
dogenous repression (4). 

Since the known, well established examples of enzyme repres- 
sion have in the past been confined to unicellular organisms, it 
has been suggested that this method of metabolic control might 
be restricted to rapidly dividing cells, such as bacteria. It is of 
decided selective advantage to such organisms to be able to adapt 
to widely different cultural conditions by efficient redeployment 
of the enzyme-synthesizing machinery. However, Szilard (5), 
although acknowledging the lack of experimental evidence, has 
proposed a general theory of enzyme repression applicable to 
higher animals as well as bacteria, and indeed has gone several 
steps further and proposed a general theory of antibody forma- 
tion in animals based on the repression concept (6). 

With the recent reports from our laboratory of clear-cut ex- 
amples of enzyme repression in rats (7) and chicks (8), it would 
now appear that this means of metabolic control does in fact 
occur in higher animals. We would like to suggest that enzyme 
repressions might not only be involved in many of the homeo- 
static systems of higher animals, but they may also be of im- 
portance in establishing and maintaining the characteristic en- 
zyme patterns of differentiated tissues. It would not be difficult 
to visualize instances in which loss of repressor control might 
result in dedifferentiation and neoplastic growth. 

The specific instance of enzyme repression in higher animals 


* This investigation was supported by grants from the Robert 
A. Welch Foundation, Houston, Texas, and the United States 
Public Health Service (RG-4898). 

t Senior Research Fellow (SF-26) of the United States Public 
Health Service. 

' Vogel (3) has defined repression as the control of enzyme syn- 

is by an end product. Since this definition implies that the 
mechanism of repression is known to some degree, we will employ 
the term repression only in a general sense to indicate negative 
feedback control of the concentration of an intracellular enzyme. 


493 


which we have observed is the repression by dietary creatine of 
arginine-glycine transamidinase, the first enzyme of the biosyn- 
thetic pathway leading exclusively to creatine (Reaction 1). We 


Arginine + glycine = guanidinoacetate + ornithine (1) 
Guanidinoacetate + S-adenosylmethionine 
— S-adenosylhomocysteine + creatine (2) 


have found that chick liver transamidinase can be repressed to 
less than 2% of the normal activity after creatine feeding. This 
alteration of phenotype without change in genotype mimics 
physiologically a mutation at the locus responsible for trans- 
amidinase synthesis. 

The question which naturally arises is, what is the mechanism 
of repression of transamidinase by dietary creatine? Experi- 
ments to date have not yet answered this question; however, 
certain of the possible mechanisms might be eliminated if the 
nature of the restorative process which follows creatine repression 
were known. For example, it is important to know whether 
restoration involves conversion of inactive transamidinase to an 
active form, or synthesis of the enzyme de novo. It was thought 
that nutritional experiments might provide one means of dis- 
tinguishing between these two possibilities. 

The primary purpose of this paper is to present information 
concerning the minimal nutritional requirements for significant 
restoration of chick liver transamidinase level following creatine 
repression. Additional experiments relating to the problem of 
transamidinase repression and recovery will also be described, 
and the physiological significance of transamidinase repression 
in the chick will be discussed. 


EXPERIMENTAL PROCEDURE 


In general, the experimental procedures employed were as 
described in the preceding paper of this series (8). Each reported 
value represents a homogenate, assayed in duplicate, of pooled 
lobes from the livers of two to five birds. Each experiment was 
performed in whole or in part several times to establish the 
validity of the results. The dietary components employed in 
the nutritional experiments, including all proteins and the salt- 
free acid-hydrolyzed casein, were purchased from the Nutritional 
Biochemicals Corporation. The specific activities of the ho- 
mogenates are reported as uwmoles of hydroxyguanidine formed 
per hour per g of liver (fresh weight) at 37°. 


RESULTS 


Comparison of Transamidinase Levels during Fasting and 
Creatine Repression—We had previously noted that transamidi- 
nase in the chick is depressed during fasting or maintenance on 
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an inadequate diet (8). It appeared desirable, at the outset of 
a series of nutritional experiments on the problems of creatine 
repression and recovery from repression, to examine more closely 
the relative effects of fasting and creatine repression on the level 
of transamidinase in chick liver. The results of a time course 
experiment designed to provide this comparison are given in Fig. 
1. Fasting lowers the transamidinase level, but not so much 
as the incorporation of 2% creatine in a diet of Purina Chick 
Startena powder. However, liver shrinkage in the fasted ani- 
mals is a factor which should also be taken into consideration. 
Because of this, the total liver transamidinase activity in the 
fasted chicks is less than might appear from Fig. 1. In the ab- 
sence of food, the concentration of liver transamidinase declines 
as the steady state equilibrium between synthesis and degrada- 
tion of transamidinase molecules is displaced, because of a de- 


RESTORED 
8O} 
2 CONTROL 
4 DIET 
6OF STARVED \ 
=) 
\ 
2O0r 
-CONTROL DIET 
+2% CREATINE 
30 60 90 120 


HOURS ON DIET 


Fic. 1. Comparison of transamidinase levels during starvation 
and creatine repression. Chicks were 10 days old at start of the 
experiment; the control diet was Purina Chick Startena. A 
transamidinase activity of 100% represents a specific activity of 
23 umoles of hydroxyguanidine formed per hour per g of liver 
(fresh weight). 
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Fic. 2. Inhibition of transamidinase restoration by dietary © 


ethionine, showing reversal of the inhibition by dietary methio- 
nine. Six-day-old chicks were fed Startena containing 2% crea- 
tine for 3 days before the start of this experiment. 
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TABLE I 
Effect of various diets on restoration of liver transamidinase 
In both experiments, 9-day-old chicks had been fed Startena 
containing 2% creatine for 7 days, repressing the specific activity 
of transamidinase to 1.1. The chicks were then fed the indicated 
diets for 48 hours in Experiment 1, and for 45 hours in Experi- 
ment 2. 


Diet 

Experiment 1 

90 Sucrose-10 1.3 

10 Alphacel-90 1.9 

40 Sucrose-10 Alphacel-50 casein................ 9.3 

40 Sucrose-10 Alphacel-50 casein-2 creatine. .... 0.5 
Experiment 2 

40 Sucrose-20 Alphacel-40 casein................ 9.5 

40 Dextrin-20 Alphacel-40 casein................ 8.2 

40 Glucose-20 Alphacel-40 casein................ 9.2 


crease in rate of synthesis. This decrease is caused both by a 
lack of dietary amino acids and an increased level of endogenous 
tissue creatine, which acts as a repressor. The time course of 
restoration of the transamidinase levels, when both groups are 
fed the same diet of Startena, is also of interest. During the 
first hours, the level per g of liver actually falls in the previously 
fasted chicks. During this time their livers increase markedly 
in size; the absolute amount of transamidinase per liver probably 
does not decrease. The slower rate of restoration of the creatine- 
fed chicks may be accounted for by the repressing action of excess 
creatine released from tissues in which it had accumulated during 
creatine feeding. 

Inhibition of Transamidinase Restoration by Dietary Ethionine— 
The first experiment in a series designed to elucidate the mech- 
anism of restoration of transamidinase activity following creatine 
repression was of a type relatively easy to carry out: an attempt 
to inhibit protein synthesis by administering an antimetabolite 
of an amino acid. Fig. 2 shows the results of such an experi- 
ment. It can be seen that transamidinase restoration is mark- 
edly retarded by the addition of 0.5% pi-ethionine to a diet of 
powdered Startena, and that the inhibitory effect of ethionine 
can be reversed by 1.0% t-methionine. This type of experi- 
ment is often cited as strong evidence for protein synthesis de 
novo. 

Restoration of Transamidinase Activity on Various Synthetic 
Diets—It has previously been established that no recovery occurs 
in the absence of food (8). The next problem was to determine 
the minimal nutritional requirements for the recovery process. 
It can be seen in Table I that no significant recovery occurs when 
sucrose alone is fed, nor is casein effective by itself. However, 
the proper proportion of sucrose plus casein is quite effective in 
permitting the restoration of transamidinase activity following 
creatine repression. As an added control, creatine was added 
to the sucrose-casein diet to show that repression could continue 
on a synthetic diet, as well as on Startena. The other experi- 
ment summarized in Table I demonstrates that dextrin or glucose 
is equally as effective as sucrose as a carbohydrate source. 

Many of our early experiments with synthetic diets were un- 
successful because the ratio of carbohydrate to protein which 
we employed was too high; for example, a recovery diet of 70 
sucrose-30 casein is only one-half as effective as 40 sucrose-50 
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casein. Similar optimal ratios were obtained with sucrose plus 
egg albumin or mixtures of egg albumin and casein. Once the 
optimal ratio was determined and the carbohydrate source set- 
tled, attention was directed to the effect of varying the composi- 
tion of the protein component of the diet. Table II gives the 
results of one such experiment. Although neither zein nor hemo- 
globin can serve as the sole source of protein for transamidinase 
restoration, an equal mixture of these two incomplete proteins 
supports satisfactory recovery. Apparently a whole spectrum 
of amino acids is required for the recovery process. Proteins 
which do not support growth or nitrogen balance in the chick 
do not support transamidinase recovery, and vice versa. 

The next step undertaken was to see whether casein could be 
replaced by a mixture of its component amino acids. The re- 
sults of a typical experiment are given in Table III. It was 
found that acid-hydrolyzed casein, which is deficient in trypto- 
phan, will not support recovery unless supplemented with tryp- 
tophan; niacin will not replace the tryptophan requirement. 
Acid-hydrolyzed casein plus tryptophan is as effective as en- 
zyme-hydrolyzed casein, and almost as effective as casein itself. 

The results described up to this point strongly suggest that 
restoration of transamidinase activity following creatine repres- 
sion involves synthesis de novo of the enzyme, as is presumed to 
be the case in bacteria (9). It appears unlikely that such fas- 
tidious nutritional requirements would be necessary for con- 
version of an inactive transamidinase into active transamidinase. 
The results are compatible with our previously proposed mech- 
anism of repression (8); however, they do not, of course, rule 
out the possibility that the repressor reacts irreversibly with 
pre-existing transamidinase molecules to form functionally inac- 
tive proteins which are then degraded by proteolytic enzymes. 
Nor do the data exclude the possibility that the presence of the 
repressor during synthesis of transamidinase modifies the tertiary 
structure of the enzyme and thus its catalytic activity. If such 
were the case, it is conceivable that only one of the catalytic sites 
of transamidinase might be rendered inactive. For example, 
the site specific for arginine might be altered, and the site specific 
for guanidinoacetate left unchanged. An experiment was there- 
fore performed to test this possibility. 

Comparative Study of Repression and Recovery with Two Differ- 
ent Transamidinase Assays—In the experiment shown in Fig. 3, 
the time course of creatine repression of transamidinase and 
subsequent restoration was followed by measuring the rate of 
guanidinoacetate-NH,OH transamidination (solid line), as well 
as by measuring the rate of arginine-NH.OH transamidination 
(broken line). It is apparent that both catalytic sites are af- 
fected to the same degree. It should be noted that ducklings 
were used in this experiment instead of chicks; the normal liver 
transamidinase level of ducklings is more than twice that of 
chicks, which facilitates employment of the weaker guanidino- 
acetate-NH.OH assay (10). The fact that creatine repression 
can be demonstrated in yet another higher animal lends added 
physiological significance to this phenomenon. 

Effect of Dietary Guanidinoacetate on Chick Liver Transamidin- 
ase—A popular current hypothesis is that enzyme induction in- 
Volves reversal of an endogenous repression (9). Consequently, 
we tested a number of compounds for the ability to counteract 
creatine repression. At the relative concentrations we em- 
ployed, we found no evidence for reversal of creatine repression 
by arginine, glycine, guanidinoacetate, methionine, or sarcosine. 
As a matter of fact, dietary guanidinoacetate is almost as potent 


TABLE II 
Effect of proteins of low biological value on restoration 
of transamidinase 
Six-day-old chicks had been fed Startena containing 2% crea- 


tine for 4 days. They were then transferred to the indicated 
diets for 47 hours. 


4 


Diet — activity 
di 


40 Sucrose-10 Alphacel-50 zein.................... 
40 Sucrose-10 Alphacel-50 hemoglobin............. 
40 Sucrose-10 Alphacel-25 zein-25 hemoglobin..... 


©O 


TaBLe III 
Tryptophan requirement for restoration of transamidinase activity 


Seven-day-old chicks were fed Startena containing 2% creatine 
for 5 days. Chicks were then fed the indicated diets for 46 hours. 


Specific 
Diet 
amidinase 
40 Sucrose-30 Alphacel-50 acid-hydrolyzed casein...... 2.5 
40 Sucrose-30 Alphacel-50 acid-hydrolyzed casein-0.2 
2.8 


40 Sucrose-30 Alphacel-50 acid-hydrolyzed casein-1 

40 Sucrose-30 Alphacel-50 enzyme-hydrolyzed casein..| 7.4 
40 Sucrose-30 Alphacel-50 casein...................... 8.9 


100 


80 


oO 


TRANSAMIDINASE ACTIVITY, % 
O 


40 80 120 160 
HOURS ON DIET 


Fic. 3. Comparative study of repression and recovery in ducks, 
with two different transamidinase assays. The Peking ducklings 
were 7 days old at the start of the experiment. Transamidinase 
activities of 100% represent a specific activity of 50.2 when meas- 
ured as the rate of arginine-NH-OH transamidination (broken 
line), and 6.5 when measured as the rate of guanidinoacetate- 
NH:OH transamidination (solid line). The control diet was 
Purina Chick Startena. 
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Fic. 4. Comparative study.of transamidinase repression by 
creatine and by its precursor, guanidinoacetate. A transamidi- 
nase activity of 100% represents a specific activity of 20, as 
measured by the arginine-NH-OH assay. 


as dietary creatine in repressing transamidinase in chick liver 
(Fig. 4). However, we think it probable that dietary guanidino- 
acetate must be converted to creatine before it is effective. Our 
reasoning is as follows. Rat kidney cannot convert guanidino- 
acetate into creatine (11), and dietary guanidinoacetate does 
not repress rat kidney transamidinase (7). On the other hand, 
chick liver can readily convert guanidinoacetate into creatine 
(8), and it is well established that guanidinoacetate has a high 
priority for methyl groups in the chick; in fact, it has not been 
possible to create a creatine deficiency in chicks by limiting the 
supply of methyl groups, although deficiencies in arginine or 
glycine readily reduce creatine biosynthesis (12). We have not 
employed guanidinoacetate extensively in our repression studies, 
in spite of its effectiveness and low cost, because a dietary excess 
of guanidinoacetate would bleed off methionine required for pro- 
tein synthesis. It would thus be difficult to distinguish between 
its action on transamidinase as a repressor precursor and as a 
general inhibitor of the synthesis of proteins containing methio- 
nine. When creatine is employed, these complications of inter- 
pretation are reduced in number, and the experimental situation 
is more clear-cut. 


DISCUSSION 


It was reported in the preceding paper of this series (8) that 
restoration of transamidinase activity, following removal of 
creatine from the diet, does not proceed in the absence of food. 
In this paper, experiments have been presented which suggest 
that the minimal nutritional requirements for restoration of 
liver transamidinase in the chick are sucrose (or glucose) plus 
essential amino acids. Sucrose alone, or a source of amino acids 
alone, will not support restoration of transamidinase; moreover, 
the recovery process is quite sensitive both to the relative pro- 
portions of these two foodstuffs supplied in the diet and to the 
absence of dietary essential amino acids. Addition of an amino 
acid antimetabolite such as ethionine to an otherwise complete 
diet prevents restoration of transamidinase activity; methionine 
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reverses the inhibitory effect of ethionine. Sucrose plus an in- 
complete protein such as zein or hemoglobin will not support 
transamidinase recovery, although a mixture of these two pro- 
teins is quite satisfactory. As a source of amino acids, acid- 
hydrolyzed casein requires supplementation with tryptophan to 
be effective; thus supplemented, it is the equal of enzyme-hy- 
drolyzed casein, and approximately 80% as effective as casein 
itself. Actually, casein was employed in many of these experi- 
ments primarily because it is available in the various vitamin-free 
forms mentioned above. Mixtures of proteins of high biological 
value, such as casein and egg albumin, are superior to one of the 
proteins alone. Determination of the optimal amino acid 
balance for maximal rate of restoration must await additional 
experiments. The ability of dietary free amino acids, as rep- 
resented by acid-hydrolyzed casein, to support restoration offers 
a unique opportunity to study the results of dietary imbalance. 
Instead of measuring growth, which is the integrated result of a 
large number of processes, the experimental assay would involve 
restoration of the tissue level of a single protein. We should 
like to emphasize that one has a precise tool here; the phenome- 
non of repression and recovery apparently involves only one 
enzyme, the concentration of which can be made to rise or fall 
while the animal remains in good nutritional condition. This 
ability to change phenotype without change in genotype should 
also prove to be useful for studies in other areas; for example, 
studies on the mechanisms of differentiation and maintenance of 
different enzyme patterns in the various tissues of adult animals. 
It is tempting to speculate that the reason that certain tissues in 
higher animals lack transamidinase, whereas other tissues have 
it in abundance, is that the former tissues have a higher steady 
state concentration of a repressing agent than do the latter. 
With respect to what light the experiments reported in this 
paper can shed on the mechanism of creatine repression and 
recovery, we can say at this time only that none of our expen- 


ments thus far has contradicted the gross mechanism previously — 


postulated (8) in which creatine, or a complex derivative (5) of 


creatine, modifies the steady state tissue concentration of trans- | 


amidinase by inhibiting the biosynthesis of transamidinase 
molecules. Indeed, the evidence indirectly supports our earlier 
scheme. One must be cautious, however, in interpreting the 
data. Several recent reports suggest that the analogous problem 
of enzyme induction in higher animals, often thought to involve 
synthesis de novo, may involve cofactor availability (13), con- 
version of inactive enzyme to active enzyme (14), or depend 
upon nutritional status for unknown reasons (15, 16). We 
believe that another potential stumbling block in this area, the 
reliability of the enzyme assay (17, 18), is not involved in our 
experiments, inasmuch as we have confirmed our results with 4 
number of the different assays available for arginine-glycine 
transamidinase. Moreover, it seems unlikely that a cofactor is 
involved in this reaction (19, 20). It may well be that the final 
elucidation of the mechanism of creatine repression must await 
solution of the problem of protein synthesis; indeed, intelligent 
use of this experimental system might aid in such a solution. 
When a novel physiological phenomenon is discovered, its 
potential significance can in part be evaluated by noting its 
biological distribution. The fact that there are marked var- 


ations in the repressibility of a given enzyme in different bacterial 
species, and even in different strains or mutants of a singe 
species (21), clearly must be accounted for. In view of this 
variation in susceptibility to repression among bacterial strains, 
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it is gratifying to find that transamidinase is repressible in each of 
the three higher animals tested thus far: rats,? ducks, and chicks. 
The chick is in many waysan ideal organism for studying both the 
mechanism and the physiological significance of the repression of 
arginine-glycine transamidinase activity by dietary creatine. 
We have employed the chick in most of our studies for the fol- 
lowing reasons: (a) Chicks are extremely responsive to dietary 
creatine; the concentration of transamidinase in chick liver can 
readily be lowered to less than 2% of the normal level, at the 
same time leaving the levels of other liver enzymes unchanged. 
(b) Both enzymes involved in creatine biosynthesis are located 
in one large, accessible organ, the liver. (c) Since liver is the 
physiological site of creatine biosynthesis in chicks, any controls 
which directly regulate creatine biosynthesis must act in this 
organ; on the other hand, the repression of transamidinase in 
mammalian kidney (7), although it is undoubtedly of mechanistic 
significance, may or may not be of physiological significance. 
(d) For the biosynthesis of creatine, the chick, unlike mammals, is 
dependent upon its diet to furnish all the creatine precursors: 
arginine and glycine, as well as methionine (12). This situation 
allows for greater experimental latitude in studying the mech- 
anism of repression, analogous to the use of amino acid mutants 
by microbiologists interested in control mechanisms (25). Since, 
in contrast to mammals, the chick requires both arginine and 
glycine in its diet, the number of possible mechanisms of control 
of creatine biosynthesis to be considered in the chick is decreased 
by two; the availability of endogenously synthesized arginine or 
glycine, which might be a means of control in mammals, is less 
likely to be a factor when the supply of these amino acids is 
dependent upon the diet. 

As for the physiological significance of the phenomenon of 
creatine repression, from the evolutionary standpoint it would 
have been of distinct survival advantage to the ancestors of the 
chick to be able to conserve the essential amino acids involved 
in creatine biosynthesis for the synthesis of protein, when crea- 
tine is supplied in the diet. Nowadays, of course, such carniv- 
orous birds as vultures and sea gulls would be more likely to 
encounter creatine in their diets than would our domestic chicken. 
Gratifyingly enough, this teleological argument has experimental 
support. It has been established by several investigators that 
dietary creatine spares a portion of the arginine requirement of 
chicks (12). Since creatine does not inhibit the action of either 
of the two enzymes involved in its synthesis (8), but dietary 
creatine does repress the liver transamidinase level, it would ap- 
pear that the arginine-sparing action of creatine could be ex- 
plained on the basis of transamidinase repression. It is of inter- 
est that our quantitative data also support this interpretation. 
A bird feeding on muscle would be ingesting a diet containing 
0.5% creatine, a concentration high enough to cause marked 
transamidinase repression and decrease in conversion of glycine 
(and consequently other precursors) to creatine (8). 

Although it cannot yet be established with certainty whether 
creatine repression of transamidinase is a functional metabolic 


? Fitch e¢ al. have confirmed our previously published findings 
of creatine repression in the rat (22). 

* In mammals, only the pancreas has physiologically significant 
quantities of both enzymes (10, 23). Our observations thus sug- 
gest a novel role for mammalian pancreas, to go along with its 
production of digestive enzymes, insulin, and glucagon: the syn- 
thesis and secretion of creatine for utilization by muscle and 
herve tissue. The catheterization experiments of Sandberg et al. 
lend further support to this concept (24). 
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control mechanism, or only a vestigial control retained during the 
evolutionary process, the mechanisms of repression and recovery 
will remain of considerable theoretical interest. We believe that 
this system offers a unique opportunity to study the chemical 
nature of the actual repressing agent; for example, if creatine 
represents the metabolite moiety (5) of the repressor of trans- 
amidinase, the limited metabolic fates of creatine should facilitate 
identification and isolation of such a compound. 


SUMMARY 


1. The concentration of arginine-glycine transamidinase in 
chick liver can be repressed to very low levels by the addition of 
either creatine or guanidinoacetate to the diet. It would appear 
that guanidinoacetate is converted to creatine before the actual 
repressor compound is formed. Duck liver transamidinase can 
also be repressed by dietary creatine; during repression, the 
catalytic sites specific for arginine and guanidinoacetate are both 
affected to the same extent. 

2. A study has been made of the nutritional requirements for 
restoration of transamidinase activity following creatine repres- 
sion. It has been found that the proper proportions of sucrose 
and vitamin-free casein will support marked restoration. Glu- 
cose or dextrin can be substituted for sucrose. Although zein or 
hemoglobin alone will not substitute for casein, a mixture of these 
two incomplete proteins will support satisfactory restoration. 
The casein requirement can also be met with enzyme-hydrolyzed 
casein; acid-hydrolyzed casein is ineffective unless supplemented 
with tryptophan. Niacin will not replace the tryptophan re- 
quirement. When restoration is carried out on a complete 
commercial diet, added ethionine will strongly inhibit recovery; 
ethionine inhibition can be reversed by added methionine. The 
results of these nutritional experiments are compatible with the 
concept that restoration of transamidinase activity following 
creatine repression involves synthesis de novo of the enzyme. 

3. It is concluded that the physiological significance of the 
phenomenon of creatine repression of transamidinase activity in 
birds, such as the chick and the duckling, is primarily to conserve 
the dietary essential amino acids, arginine, glycine, and methio- 
nine, for protein synthesis. Feedback control of the catalytic 
activity of the participating enzymes does not appear to be 
operative in creatine biosynthesis. Another role of repressive 
processes, conservation at the macromolecular level, cannot be 
properly evaluated in an organ the function of which also in- 
cludes the synthesis and export of large quantities of plasma 
proteins. The possibility that the steady state repressor con- 
centration of each differentiated tissue of a higher animal de- 
termines the characteristic transamidinase level of that tissue is 
discussed. 
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The unique presence in brain of -y-aminobutyric acid and of 
the enzymes associated with its synthesis and catabolism has 
stimulated considerable interest in the possible roles of this 
amino acid in the central nervous system (2). One possible 
function of y-aminobutyric acid may be to serve as a precursor 
of other substances in brain. In keeping with this hypothesis 
was the finding that y-guanidinob ityric acid, which is found in 
brain and other tissues, can be synthesized from y-aminobutyric 
acid by a transamidination reaction involving an amidine donor 
such as arginine (3). The purpose of the present communication 
is to report the presence of another y-aminobutyric acid deriva- 
tive in brain, y-aminobutyrylhistidine or homocarnosine: 


| 
HC C—CH 


| 
N 


EXPERIMENTAL PROCEDURE 


Procedure for Isolation of y-Aminobutyric Acid Derivative— 
Brains were removed from cattle in a slaughter house within 10 
minutes after death, chilled to 0°, and transported to the labora- 
tory. A 2 kg sample of minced brain was added to 4000 ml of 
boiling water. After boiling for 7 minutes, the solution was 
cooled to room temperature, 400 ml of glacial acetic acid were 
added, and the mixture was homogenized in a large Waring 
Blendor at high speed for 2 minutes. The homogenate was 
centrifuged, and the supernatant fluid was filtered and passed 
through a large column (10 x 20 cm) of coarse, acid-washed 
Nuchar C charcoal (4). The column was washed first with 500 
ml of 50% aqueous ethanol, and the washings were discarded. 
The y-aminobutyric acid derivative was eluted with 4 n NH,OH 
in 50% aqueous ethanol. The eluate was taken to dryness in a 
rotary evaporator under reduced pressure, dissolved in 100 ml of 
water, and passed through a column (2 X 8 cm) of Dowex 1-X8- 
acetate to adsorb interfering anions. The column was washed 
with 100 ml of water, and the effluent and washings were com- 
bined, evaporated to dryness under reduced pressure, dissolved 
in 100 ml of water, and passed through a column (2 x 8 em) of 
Dowex 50-X8-hydrogen. The column was washed with 100 ml 
of water and y-aminobutyric acid derivative eluted with 4 N 


* A preliminary report of this work has appeared (1). 
t Present address, Department of Internal Medicine, University 
of Texas, Southwestern Medical School, Dallas, Texas. 


NH,OH. The eluate was evaporated to dryness under reduced 
pressure and dissolved in 20 ml of water. 

For further purification, several such brain concentrates were 
usually combined, adjusted to pH 2.5, and passed through a 
column (2.7 X 100 cm) of Dowex 50-X4 equilibrated to pH 4.70 
with 0.2 M ammonium acetate buffer as described by Hirs, Moore, 
and Stein (5). The derivative was eluted from the column with 
0.2 N ammonium acetate buffer, pH 4.70; 20 ml fractions were 
collected on an automatic fraction collector, and 0.1 ml aliquots 
of the fractions were assayed. Fractions containing the y-amino- 
butyric acid derivative were combined (total volume, 350 ml), 
and the solution was freed of ammonium acetate by passage 
through a column (10 X 7 cm) of Dowex 50-X8-hydrogen. The 
column was washed repeatedly with water and the derivative 
eluted with 4 N NH,OH. The eluate was evaporated to dryness 
repeatedly under reduced pressure in a rotary evaporator and 
dissolved in 10 ml of water. 

Hydrolysis and Assay Procedures—Samples were usually hy- 
drolyzed in 6 N HCl for 2 hours in an autoclave; the acid was 
then removed by repeated evaporation to dryness in a rotary 
evaporator. In experiments in which hydrolysis was performed 
in saturated Ba(OH)>, the samples were adjusted to pH 6 with 
1 N H.SO, at the end of the hydrolysis. After centrifugation, 
the supernatant solution was decanted, evaporated to dryness, 
and dissolved in 1 ml of water. 

Aliquots containing 0.04 to 0.2 umole of y-aminobutyric acid 
were assayed for y-aminobutyric acid content by the enzymatic 
method of Scott and Jakoby (6). Histidine in the hydrolysates 
was determined by the following modification of the histamine 
method of Shore, Burkhalter, and Cohen (7): Aliquots contain- 
ing 0.01 to 0.03 umole of histidine were added to 1 ml of 0.02 n 
NaOH; 0.1 ml of 1% o-phthalaldehyde in methanol was added, 
and after 4 minutes, the fluorophore was stabilized by the addi- 
tion of 0.1 ml of 3N HCl. Fluoresence at 450 mu resulting from 
excitation at 360 my was measured in an Aminco-Bowman 
spectrophotofluorometer. 

Carnosinase was prepared from fresh hog kidney as described 
by Hanson and Smith (Preparation B) (8). In enzymatic stud- 
ies with this enzyme, incubation mixtures contained 0.1 ml of 
the enzyme preparation (2.7 mg protein-N per ml), 0.5 umole of 
substrate, and 0.35 ml of 0.05 m Veronal buffer, pH 8, to make a 
final volume of 0.5 ml. After incubation at 40° for 3 hours, the 
reaction was stopped by the addition of 0.5 ml of 12% trichloro- 
acetic acid; the mixture was centrifuged, and the supernatant 
solution was passed through a column (1 X 2 cm) of Dowex 
50-X8-hydrogen. The column was washed with 10 ml of water 
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and the amino acids eluted with 4 ml of N NH,OH. The eluate ees, 2 
was repeatedly evaporated to dryness, dissolved in 1 ml of water, 
and ‘assayed for histidine and y-aminobutyric acid. 

Dinitrophenyl derivatives of the various compounds were 
prepared as described by Porter (9). The derivatives of homo- 
carnosine and carnosine were hydrolyzed in 6 N HCl in an auto- 
clave for 1 hour and extracted with ether. The ether layer and 
the water layer were evaporated to dryness and dissolved in 0.4 
ml of water. Aliquots were chromatographed on paper with 
n-butanol-acetic acid-water (50:12:50, butanol layer) or with 
collidine saturated with water. 

Columns, 0.9 « 100 em of Dowex 50-X4, equilibrated to pH 
4.70, were utilized for comparison of chromatographic properties | 


of the y-aminobutyric acid derivative with authentic homocarno- 1000 2000 

sine and related compounds. The compounds were eluted with EFFLUENT VOLUME (ml) 

0.2 N ammonium acetate, pH 4.70, and 3 ml samples were col- ; ee | ac 

lected on an automatic fraction collector. The fractions con- iG. the ric derivative on | no 

taining histidine and histidine derivatives were identified by ented pH 2.5 | 

reaction with diazotized sulphanilic acid (10); identification of | Dowex 50-X4, at pH 4.70. The elution and analysis of the teas. bu 
tions are described in the text. (4 


the individual components was made by comparing the effluent 

volume of each peak with previously determined effluent volumes 

of the authentic compounds. In the case of the y-aminobutyric 0.5 g of 10% palladium-charcoal, the mixture was hydrogenated of 

acid derivative, identification was also made by assay of y-amino- __in an apparatus equipped with a Caroxite tube for the absorption 

butyric acid after acid hydrolysis. of CO. After 10 hours, the uptake of hydrogen had stopped 
Paper electrophoresis was performed on Whatman No.3 MM _ with the absorption of 0.018 mole. The solution was filtered aC 


paper in a water-cooled apparatus set at 600 volts (13 volts per and concentrated under reduced pressure. The residual syrup , 
cm). Descending paper chromatography was performed for 16- was dissolved in 25 ml of water and adjusted to pH 3 with dilute der 
hour periods on Whatman No. 3 paper with a variety of solvents. H.SO,. Upon slow addition of ethanol, the dipeptide sulfate free 
The paper chromatograms and electrophoresis patterns were separated as granular crystals. Addition of ethanol was con- _ i 
developed by spraying with the diazotized sulphanilic acid re- tinued until a total of 200 ml had been added. The product was _ of t 
agent. For the determination of nitrogen, samples were digested filtered and recrystallized from water-ethanol by the same pro- pow 
at 360° in 18 N H,SO,, containing 1% CuSO, and SeO:, for 24 cedure. A total yield of 5.1 g (60%) was obtained, m.p. 240° | wert 
hours; ammonia was measured as described by Russell (11). ~ | (decomposition point). A sample, dried for analysis at 78° | 
+-Aminobutyryl-t-histidine Sulfate—The peptide has been pre- under reduced pressure, showed no significant weight loss. tive, 
pared previously in 32% yield by the acid chloride-coupling C..H..N.O-S cal ¢ 
technique (12). In the present synthesis, the earlier procedure 
has been modified in several respects including the use of mixed © 3537, H 517, N 1662, 8947 
anhydride for coupling. 
To a suspension of 5.9 g (0.025 mole) of carbobenzyloxy-y- amaerivin an 
aminobutyric acid (13) in 125 ml of methylene chloride were ame. 
added 3.5 ml (0.025 mole) of triethylamine. After the resulting The — of a charcoal column =ae. 08 effective pr ocedure for time 
solution had been chilled to —5°, 2.4 ml (0.025 mole) of ethyl Separating free y-aminobutyric acid from the y-aminobutynic 3 hor 
chloroformate were added and the mixture kept at this tempera- 9¢id derivative. In a typical experiment starting with 2 kg of room 
ture for 10 minutes. To this solution was added rapidly a solu- beef brain, approximately 6000 umoles of y-aminobutyric acid as th 
tion of L-histidine methyl ester prepared by the addition of 10.5 passed through the column, and 60 umoles of the ‘y-aminobutyric terist: 
ml (0.075 mole) of triethylamine to a suspension of 6.1 g (0.025 acid derivative were subsequently eluted with ammonical etha- Pay 
mole) of t-histidine methyl ester dihydrochloride in 125 ml of 20l. The free y-aminobutyric acid content of this eluate was lated 
methylene chloride which had been chilled to 0°. The resulting less than 57% of the total y-aminobutyric acid obtained after compx 
mixture was stored at 25° overnight. It then was washed with hydrolysis. upon 
200 ml of water and 200 ml of nv NaHCO, dried over Na2SOx, Concentrates of eluates from the charcoal columns obtained _histidj 
and concentrated to a syrup. The product was dissolved in 50 from seven different batches of beef brain (360 umoles of ¥- the to 
ml of methanol, and 50 ml of N NaOH were added. After storage aminobutyric acid derivative from 13.5 kg of brain) were com- ;  wasth 
for 3 hours at 25°, the solution was adjusted to pH 5 with dilute bined and chromatographed in two lots on the 100-cm column of butyry 
H.SO, and concentrated to dryness under reduced pressure. The Dowex 50, as described under methods (Fig. 1). The y-amino- ties of 
syrupy residue was extracted with 2 X 50 ml of hot ethanol,and By repeated concentration and chilling of the mother liquor, hy drog 
50 ml of water were added to the extract.1 After addition of further crops were obtained. The total product was recrystallized carnos: 
from a small volume of water to yield 7.2 g (77%) of carbobenzyl- pounds 
1 In a second run, the ethanolic extract containing carbobenzyl- oxy-y-aminobutyryl-u-histidine, m.p. 165-166°. pH 10 
oxydipeptide was concentrated to dryness and the residue dis- C.H»-N.O had id 
solved in 25 ml of water. The solution was chilled overnight, — A 
whereupon feltlike needles of the acid separated. The product Calculated: C 57.74, H 5.92, N 14.97 sap 
was filtered, washed with cold water, and dried, m.p. 160-162°. Found: C 57.96, H 6.01, N 14.60 
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Fic. 2. Elution of histidine, carnosine, and the y-aminobutyric 
acid derivative on Dowex 50. In one experiment, histidine, car- 
nosine, and y-aminobutyrylhistidine were separated on a column 
(0.9 X 100 cm) of Dowex 50-X4, pH 4.70, by elution with 0.2 m 
ammonium acetate, pH 4.70. In a second experiment, y-amino- 
butyrylhistidine and the isolated y-aminobutyric acid derivative 
(“unknown’’) were combined and rechromatographed. The re- 
sults of these two experiments have been superimposed. Details 
of the analysis of these peaks are described in the text. 


butyric acid derivative was eluted as a symmetrical peak between 
3400 and 3750 ml of effluent volume, and from two such experi- 
ments, 340 of the original 360 uwmoles of y-aminobutyric acid 
derivative were recovered. In these preparations, no detectable 
free y-aminobutyric acid was present. 

In Fig. 2 are shown the results of a comparison of the behavior 
of the y-aminobutyric acid derivative and various histidine com- 
pounds on Dowex 50. Histidine, carnosine, and homocarnosine 
were completely separated in this experiment. When homo- 
carnosine was added to the isolated -y-aminobutyric acid deriva- 
tive, and the two were chromatographed together, one symmetri- 
cal elution peak was obtained. The position of this peak was 
identical with that of the peak obtained with homocarnosine 
alone. 

When the isolated y-aminobutyric acid derivative was sub- 
jected to hydrolysis in 6 N HCl, y-aminobutyric acid and histi- 
dine liberation was complete after refluxing for 45 minutes. The 
time required for complete hydrolysis in saturated Ba(OH)2 was 
3 hours. The derivative was completely stable in 1 N HCl at 
room temperature overnight. These properties were the same 
as those observed with authentic homocarnosine and are charac- 
teristic of a peptide. 

Paper chromatography of the hydrolytic products of the iso- 
lated y-aminobutyric acid derivative revealed essentially two 


components, y-aminobutyric acid and histidine. Furthermore, — 


upon chemical analysis of the hydrolysate, it was found that 
histidine and -y-aminobutyric acid accounted for over 90% of 
the total nitrogen. These findings suggested that the compound 
was the y-aminobutyric acid homologue of carnosine, t.e. y-amino- 
butyrylhistidine, or homocarnosine. The electrophoretic mobili- 
ties of the derivative on paper were compared at six different 
hydrogen ion concentrations with carnosine and synthetic homo- 
carnosine (Table I). Although the mobilities of all three com- 
pounds were similar at pH values between 3.6 and 8, at pH 9 and 
pH 10 the compound isolated from brain and homocarnosine 
had identical migrations which differed from those of carnosine. 

A comparison of the paper chromatographic migrations of the 
isolated material with those of authentic homocarnosine, in five 


different solvent systems, revealed that both exhibited identical 
mobilities (Table II). 

When the dinitrophenyl derivative of the isolated compound 
was hydrolyzed, it yielded two dinitrophenyl compounds. One 
was not extractable into ether and had the same chromatographic 
behavior as imidazole-N-dinitrophenylhistidine (isolated from 


TABLE I 
Paper electrophoretic mobilities of carnosine, homocarnosine, 
and isolated y-aminobutyric acid derivative 
All electrophoreses were performed at 600 volts (13 volts per 
em). A minus sign refers to migration toward the cathode, and 
a plus sign refers to migration toward the anode. 


Migration 
DH, | pH 5.0? | pH 7.0¢ | pH 8.0%, pH 9.07 ‘pH 10.04 
cm cm cm cm cm cm 
Carnosine............ —17.5) —15.0) —5.0) —4.0) +5.7 
Homocarnosine....... —16, —18.0; —15.0) —5.5) —11.0) +1.5 
Isolated -y-aminobu- 
tyric acid deriva- 
tive....... —16, —18.0; —15.0) —5.5) —11.0) +1.5 


* Time, 1.5 hours in 0.6 N acetic acid-pyridine buffer. 
+ Time, 3 hours in 0.6 N acetic acid-pyridine buffer. 

¢ Time, 3 hours in 0.1 N sodium phosphate buffer. 

4 Time, 3 hours in 0.1 N sodium borate buffer. 


TABLE II 


Paper chromatographic migration of homocarnosine and isolated 
y-aminobutyric acid derivative 


Isolated 
Solvent 
derivative 
Ry 
a. Collidine saturated with water......... 0.06 0.06 
b. n-Butanol-concentrated acetic acid-wa- 
ter (50:12:50, butanol layer)......... 0.05 0.05 
c. n-Propanol-0.2 n NH,OH (3:1)......... 0.25 0.25 
d. Acetone-chloroform-water-16 n NH,OH 
e. Ethanol-ether-water-16 N NH,OH 
TABLE III 


Hydrolysis of carnosine, homocarnosine, and isolated 
y-aminobutyric acid derivative by carnosinase 
Incubation mixtures contained substrate (1 X 10-* m), Veronal 
buffer, pH 8.0 (0.035 m), and 0.1 ml. of enzyme, to make a final vol- 
ume of 0.6 ml. After incubation for 3 hours at 40°, histidine and 
y-aminobutyric acid were determined as described in the text. 


Products 
Substrate 
Histidine [Y-Aminobutyric | Hydrolysis 
umole umole % 
Carnosine................ 0.40 80 
Homocarnosine........... 0.29 0.28 57 
Isolated derivative....... 0.30 0.27 57 
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bis-dinitrophenylearnosine). The other was extractable into 
ether from acid solution and had the same chromatographic be- 
havior as dinitrophenyl-y-aminobutyric acid. These findings 
indicate that the derivative is a peptide in which the carboxy] 
group of y-aminobutyric acid is linked to the amino group of 
histidine. Authentic dinitrophenylhomocarnosine yielded the 
same products. 

The effects of carnosinase on the isolated compound, homo- 
carnosine, and carnosine were also compared (Table III). After 
3 hours of incubation with pig kidney carnosinase, the hydrolysis 
of carnosine was 80% complete (as determined by the release of 
free histidine). However, similar quantities of homocarnosine 
and y-aminobutyric acid derivative were hydrolyzed to the ex- 
tent of only 57% in this period of time. All these reactions went 
to completion after incubation for 16 hours. In all enzymatic 
experiments with homocarnosine and the isolated y-aminobutyric 
acid derivative, equivalent amounts of histidine and y-amino- 
butyric acid were released. It should be noted that the activity 
of carnosinase with 6-alanyl-p-histidine is less than 0.01 the 
activity with the L-isomer of histidine (8). Inasmuch as the 
same activity was noted for synthetic y-aminobutyryl-.-histidine 
and the peptide isolated from brain, it is most probable that the 
y-aminobutyrylhistidine isolated from brain contains histidine 
with the L-configuration. 

Although appreciable material has been obtained in these pro- 
cedures, it has not yet been possible to obtain an analytically 
pure sample from the isolated material or to prepare a suitable 
derivative. 


DISCUSSION 

It should be pointed out that the amounts of homocarnosine 
in beef and rat brain represent but a small percentage of the 
total y-aminobutyric acid in the tissue. Nevertheless, the pep- 
tide is present in appreciable amounts. Studies in progress 
with a quantitative method for homocarnosine, indicate that the 
amounts isolated from beef brain (approximately 0.7 mg/100 g) 
were somewhat low, as would be expected of an isolation proce- 
dure. Preliminary quantitative results indicate the presence of 
4 mg/100 g. 

Carnosine is also present in brain extracts.2, The presence of 
this compound in brain was also recently indicated by Hosein 
(14). However, the methods used in his studies would not have 
distinguished carnosine from homocarnosine. The occurrence 
of homoanserine (y-aminobutyryl-L-methylhistidine) is also a 
possibility and is being investigated. 

Homocarnosine was not found in spleen, kidney, liver, or 
skeletal muscle, and it appears to be limited to brain in the same 
manner as its precursor, y-aminobutyric acid? It is of interest 
that carnosine synthetase (from chick pectoral muscle) is not 
very specific and can utilize y-aminobutyric acid to form homo- 
carnosine (15-17). It may well be that the same synthetase is 
present in brain and that the larger amounts of homocarnosine 
reflect the high concentrations of y-aminobutyric acid at the 
enzyme site. 

Although the role of homocarnosine is not apparent, like carno- 
sine which is present in muscles, it is also found in an excitable 
tissue, brain. Carnosine has been known for over 60 years, and, 
although there have been many suggestions concerning its role 


2 )). Abraham, J. J. Pisano, and 8. Udenfriend, to be published. 
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in glycolysis, oxidative phosphorylation, and muscle contraction 
(18-22), these have not been verified (23, 24). Nevertheless, 
the presence of these histidine peptides and the enzymes involved 
in their synthesis in brain and muscle argue for a definite func- 
tion. Studies on the biogenesis, metabolism, and distribution 
of homocarnosine may offer a clue as to its function. 


SUMMARY 


A peptide has been isolated from beef brain, in amounts of 
about 0.5 to 1 mg/100 g of tissue, which contains y-aminobutyric 
acid and histidine. This has been identified as y-aminobutyryl- 
histidine (homocarnosine) by comparative studies with the au- 
thentic compound employing ion exchange and paper chromatog- 
raphy, paper electrophoresis, and by comparing rates of chemical 
and enzymatic (carnosinase) hydrolysis. 


Acknowledgment—The authors wish to express their thanks to 
Drs. William Jakoby and Wayne Albers for their advice and 
donations of the enzymes used in the assay of y-aminobutyric 
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y-Aminobutyric acid and the enzyme which forms it from L- 
glutamic acid, glutamic decarboxylase, occur uniquely in the 
central nervous system of various vertebrate species. In all 
species studied to date (mouse, chick, bullfrog, and rabbit) there 
has been found to be a progressive increase in the content of 
y-aminobutyric acid in the whole brain or in specific areas of 
brain during development (1-3). This acid was first barely 
detectable in extracts of whole brain of the chick embryo on the 
fourth day of incubation, increasing in quantity with the age of 
the embryo (2). The application of new and sensitive analytical 
techniques for y-aminobutryic acid (4), glutamic decarboxylase 
(5), and y-aminobutyric acid-a-keto glutarate transaminase (6) 
has made it feasible to determine the time course of increase of 
these variables in a single brain structure, the optic lobe, in the 
chick during embryonic development and after hatching. This 
structure was chosen for study because preliminary survey had 
shown it to have a high level of y-aminobutyric acid and because 
it furnishes early in development a well defined, relatively large 
structure which is known to be of considerable functional impor- 
tance in the activity of the avian central nervous system. 


EXPERIMENTAL PROCEDURE 


Eggs—Fertile unincubated White Leghorn or Rhode Island 
Red eggs were obtained from a local hatchery and were incubated 
at 37° at a relative humidity of 40%. At the desired times they 
were opened, staged according to Hamburger and Hamilton (7), 
and the optic lobes were dissected away from the brain at the 
junction of the tectum to the tegmentum. Sufficient numbers of 
embryos were dissected so that it was possible to obtain material 
for five separate analyses for glutamic decarboxylase and y-amino- 
butyric-a-ketoglutarate transaminase activities and ‘y-amino- 
butyric acid content at each stage studied. The tissue was 
homogenized in ice-cold distilled water in a ground glass homoge- 
nizer and diluted so that the final suspension contained 250 mg 
of fresh tissue per ml. 

Determination of y-Aminobutyric Acid and Enzyme Assays—For 
determination of y-aminobutyric acid content, aliquots of the 
homogenate were suspended in 95% alcohol so that the final con- 
centration of alcohol was 80%, and stored in a deep freeze until 
ready for use. The samples were processed and assayed for y- 


* This study was supported in part by grants No. 2655 and 1615 
from the National Institute of Neurological Diseases and Blind- 
ness, National Institutes of Health, and a grant from the National 
Association for Mental Health, Inc. 


aminobutyric acid by an enzymatic procedure employing a 
bacterial enzyme as previously described (4). 

In a modification of the micro method of Albers (5), the de- 
carboxylase assays were performed in the apparatus! shown in 
Fig. 1. Uniformly labeled L-glutamic acid-C™ (0.1 me) (specific 
activity, 6.16 mc per mmole) was added to 256 ml of 0.1 m phos- 
phate buffer pH 6.2. Homogenate (0.2 ml) containing 50 mg of 
original fresh weight of tissue was incubated in flask A with 0.2 
ml of the phosphate buffer prepared as above, 0.15 ml of 0.5 m 
L-glutamate (pH 7), and 0.01 ml of a solution containing 50 ug 
of pyridoxal phosphate for 30 minutes at 37° with shaking in a 
Dubnoff incubator. The amount of labeled glutamate per tube 
(0.0126 wmole) was negligible in comparison to the amount of 
L-glutamate used as substrate (75 umoles). At the end of the 
period of incubation, 0.2 ml of 8 nN H.SO, was injected into the 
the reaction flask from a tuberculin syringe by means of a needle 
through stopper B. The flasks were allowed to continue shaking 
for 2 hours at 37° after the addition of acid; then the attached 
counting vial G, which contained 1 ml of 1 m hydroxide of Hy- 
amine 10-X in methano!* in which the carbon dioxide had been 
absorbed, was removed. Toluene (15 ml), containing 0.3% 
2 ,5-diphenyloxazole? and 0.01% 1,4-bis-2(5-phenyloxazolyl)- 
benzene in toluene, was added to each vial, and the vials were 
counted in a Packard Tri-Carb model 34 liquid scintillation 
counter for at least five periods of 10 minutes each on path 5 
(960 volts) at a window setting of 10-70, 10—100. 

A standard curve was constructed relating the radioactivity in 
the CO, liberated to the amount of glutamate decarboxylated by 
the enzyme. Complete decarboxylation of aliquots of the 
glutamate in the substrate mixture containing radioactive glu- 
tamate was achieved by incubating with 1 mg of acetone powder 
preparation from Escherichia coli E-26 (8) in 0.3 ml of 0.15 m 
acetate buffer at pH 4.2 in a final volume of 0.61 ml in the appa- 
ratus shown in Fig. 1. The radioactivity liberated was deter- 
mined in the liquid scintillation counter. A linear relationship 
always was found between the quantity of glutamate employed 
and the counts recorded, a new calibration being required for 
each new sample of uniformly labeled L-glutamic acid-C™ em- 
ployed. Under the above conditions, approximately 2000 counts 
above background were recorded for each ymole decomposed. 


1 Apparatus available from California Scientific Glass Com- 
pany, El Monte, California. 

2 Obtained from the Packard Instrument Company, Inc., La- 
Grange, Illinois. 
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Activity was found to be a linear function of time up to 90 min- 
utes for various concentrations of brain homogenate and was 
proportional to the amount of homogenate used for a given prep- 
aration. Separate experiments with brain homogenates per- 
formed under usual conditions of assay, with the exception that 
yy-aminobutyric acid-1-C™ was added instead of uniformly labeled 
L-glutamic acid-C™, showed negligible liberation of radioactive 
CO... Under the above conditions of assay, identical results 
were obtained when the incubations were performed in air or in 
an atmosphere of nitrogen. 

The transaminase activity was measured in homogenates by a 


ym 


G A 


Fic. 1. Apparatus employed for measurement of C1*O¢ liber- 
ated in glutamic decarboxylase assay. A, flask, 25 mm in diame- 
ter and 25 mm high up to ground glass joint; B, rubber serum bottle 


stopper; C, ground glass joint, 14/20; D, glass hooks for attach- 


ment of springs; E, stopcock, 1-mm micro; F, neoprene ‘‘O”’ ring, 
35-inch inner diameter and 32-inch outer diameter; G, vial employed 
for counting in automatic Packard Tri-Carb counter, 2} inches 
high and neck 3-inch inner diameter and 17-inch outer diameter. 
Over-all height, 42 inches. 


WEIGHT OF OPTIC LOBE (ma) 
T 
v-AbA CONTENT 100MG) 


(4 MOLES/ 30 MIN/ 100MG) 


GA DECARB. AND r-ABA-KGA 
TRANS 


Fic. 2. Changes with age in glutamic (GA) decarboxylase and 
y-aminobutyric acid-a-ketoglutarate (yABA-KGA) transaminase 
activities, y-aminobutyric acid (yABA) content, and weight of 
optic lobe of the chick. Where ranges are indicated, the averages 


were from four to five separate determinations. 
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% OF MAXIMAL VALUE 


5 HAICH 5 0 
CHICK AGE (DAYS) 


Fic. 3. Percentages of maximal values of the decarboxylase 
and transaminase activities and y-aminobutyric acid content in 
the optic lobe of the chick at various ages. 


procedure previously devised for solubilized enzyme prepara- 
tions (6). The activity measured was linear with time and 
proportional to the amount of homogenate of fresh chick optic 
lobe employed. The incubation mixture contained 0.4 ml of the 
original homogenate (100 mg fresh weight), 0.7 ml of borate 
buffer (pH 8.2), 0.1 ml of pyridoxal phosphate (150 ug), and 0.1 
ml each of solutions containing 40 umoles of a-ketoglutarate and 
y-aminobutyric acid. Incubation was performed for 30 minutes 
at 38° and the activity estimated by the determination of the 
glutamic acid formed. Suitable blanks were obtained by per- 
forming the incubation with fresh homogenate in the above 
manner, with the exception that the ketoglutarate was omitted. 


RESULTS AND DISCUSSION 


Time Course of Increase in y-Aminobutyric Acid Content and 
Glutamic Decarboxylase and y-Aminobutyric Acid-a-Ketoglutarate 
Transaminase Activities—To our knowledge, this is the first time 
that determinations have been made in the same samples of 
enzymes which form and utilize a particular substance, as well 
as of the concentration of the substance itself in the course of the 
development of a specific structure of the central nervous system. 
The results (Figs. 2 and 3) show that the decarboxylase and 
transaminase activities and y-aminobutyric acid levels increase 
progressively with development in the chick optic lobes in a 
similar manner. The greatest rate of increase of the biochemical 
variables studied was preceded by the largest increment in mass 
of the optic tectum as well as by the differentiation of the major 
tectal neuronal elements. The maturation of these elements 
parallels the time of the greatest increase in the y-aminobutyric 
acid system. By the eleventh day, at which time the biochemical 
variables studied just began to increase, differentiation was 
virtually complete and the weight already was 40% of maximal. 


Half-maximal values of the transaminase were attained at 1 day 
before hatching and of the decarboxylase and y-aminobutyric : 


acid at hatching. 


The curves of increase for the variables studied have a formal | 
similarity to those obtained in adaptive enzyme formation in 
various systems. Determinations of sequential changes in en- | 
zyme activities in different tissues (including the nervous system) 4 
of various species revealed that a number of enzymes exhibit a — 
sigmoidal temporal increase during development similar to that _ 
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found for inducible enzymes in bacteria (9, 10). Perhaps in- 
creases in certain enzymes during differentiation and develop- 
ment may be attributable, at least in some instances, to a reduc- 
tion in effective concentrations of repressors for the formation of 
these enzymes (11-13). However, at present, it does not appear 
possible to test such a hypothesis in animal organisms. 

In the course of the present study, in addition to the determina- 
tions performed on the optic lobe, a smaller number of analyses 
was carried out on the hemisphere, diencephalon, cerebellum, 
and hindbrain at various stages of development. The variables 
increased in these structures in a sigmoidal fashion, but at vary- 
ing rates, and the final values attained in the different areas also 
varied considerably. From these and other recent results in our 
laboratory, it is evident that it is not possible to generalize the 
results of such studies from one species to another or even from 
one part of brain to another in a particular species. 

Since y-aminobutyric acid levels probably are a function of the 
relative rates of formation and utilization by glutamic decar- 
boxylase and by the transaminase, it may seem surprising that 
the content of y-aminobutyric acid in the chick optic lobe in- 
creased when both the enzyme forming it and the enzyme utiliz- 
ing it were increasing at similar rates. The rate of increase in the 
actual content of y-aminobutyric acid in the optic lobe of the 
developing chick was virtually identical with that of the potential 
glutamic decarboxylase activity. However, it must be recalled 
that the measurements of both enzyme activities were made with 
assay conditions under which these enzymes were maximally 
active. The pH optima for the two enzymes differ widely (14) 
and are probably different from the actual intracellular values. 
The substrate concentrations which are found in the cells almost 
certainly are below those required for maximal activity of both 
enzymes, the level of y-aminobutyric acid at all times being 
considerably below that of glutamic acid, the substrate for glu- 
tamic decarboxylase. The transaminase requires the presence of 
relatively high concentrations of both y-aminobutyric acid and 
ketoglutarate for maximal activity (6). Early in development, 
when y-aminobutyric acid levels are very low, it would be antici- 
pated that the actual activity of the transaminase present in the 
living cell would be considerably below its maximal potential 
activity, especially since the concentrations of ketoglutarate 
probably are considerably lower even than those of ‘y-amino- 
butyric acid. It is even possible that both glutamate decar- 
boxylase and the transaminase are located at different intracellu- 
lar sites, and that the availability of substrate for both of the 
enzymes might be limited by rates of diffusion from the sites of 
formation of the substrates. From the above discussion, it is 
apparent that at the present time insufficient knowledge is 
available of the pertinent intracellular variables to estimate to 
what extent the maximal potential activity measured in homo- 
genates reflects the actual activity of the enzymes in vivo. 
However, the enzyme measurements in all probability are 
proportional to actual apoenzyme levels in the cell and to this 
extent furnish a valid measure of the rate of increase of the po- 
tentially active enzymatic proteins during development. 

Glutamic Decarborylase Activity Sediments with Residue Frac- 
tion in Sucrose Homogenates—The y-aminobutyric acid system is 
definitely intracellular, and studies which have been done on the 
localization of the system suggest that it is probably neuronal 
and not present in glia, astrocytes, or myelin (15, 16). Various 
experiments were performed in an attempt to localize glutamic 
decarboxylase in subcellular components of the optic lobe and in 
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whole rat and mouse brain by customary techniques of cell 
fractionation in 0.25 m sucrose. Invariably the greatest amount 
of glutamic decarboxylase activity sedimented with the low 
speed sediment (800 x g, 10 minutes) and remained largely with 
the sediment even after resuspension and centrifugation. These 
experiments suggested the possibility that glutamic decar- 
boxylase might be associated closely with neuronal membrane 
components. However, to date it has not been possible to 
identify the tissue component or components in the sediment 
with which the decarboxylase is associated. Preliminary histo- 
logical analysis has not revealed any quantitatively measurable 
structural variable which can be correlated best with the increase 
in the y-aminobutyric acid system in the developing chick optic 
lobe. 

Elevation of y-Aminobutyric Acid Content by Injection of y- 
Aminobutyric Acid—In previous studies it was shown that ad- 
ministration of hydroxylamine (NH.OH) to rats (4), cats (17), and 
monkeys (18) resulted in a decrease in neuronal excitability and 
an increase in levels of y-aminobutyric acid in brain, possibly be- 
cause of preferential inhibition of the transaminase. The max- 
imal elevations in y-aminobutyric acid levels usually were 
achieved approximately 90 minutes after administration of the 
NH:OH. In the present experiments, intraperitoneal injections 
of NH:;OH in neutral solutions of sterile 0.9% NaCl were made 
into chicks at 3 to 6jhours after hatching. The injections were 
made into the air space at the point of the keel. Even the max- 
imally tolerated dose of NH2OH, 800 ug, failed to raise y- 
aminobutyric acid levels in the hemispheres or cortex of White 
Leghorn and Rhode Island Red chicks measured at intervals 
from 1 to 24 hours after injection. 

Preliminary experiments then showed that injections of y- 
aminobutyric acid could elevate y-aminobutyric acid levels in 
newly hatched chicks. Results of experiments with 3-to-6-hour- 
old Rhode Island Red chicks which had been given 4.9 g per kg 
of y-aminobutyric acid intraperitoneally (Fig. 4) showed that the 
elevation produced in the optic lobes and hemispheres persisted 
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Fic. 4. Time course of change of y-aminobutyric acid levels in 
optic lobes and hemispheres of 3- to 6-hour-old Rhode Island Red 
chicks after intraperitoneal injection of y-aminobutyric acid (4.9 
g per kg). Numbers near experimental points in this and subse- 
quent figures indicate the number of animals from which individ- 
ual samples were obtained. 
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for more than 5 hours. Solutions of y-aminobutyric acid (6.7 g 
per kg; except 3-day chicks, 10 g per kg) were injected intraperi- 
toneally into groups of chicks at various times after hatching, and 
determinations of y-aminobutyric acid content of the brains were 
made 1 hour after the injection (Fig. 5). Most of the chicks 
showed signs of imbalance and incoordination, the effects ap- 
pearing to be markedly less in the 17- and 21-day-old chicks than 
in the younger ones. The extent of elevation of y-aminobutyric 
acid in both optic lobes and hemispheres was greater in the 
younger chicks. The ratios of the mean y-aminobutyric acid 
levels of optic lobes of the treated to the control chicks at 3 to 6 
hours, and 3, 7, 10, 14, 17, and 21 days after hatching were 2.1, 
2.3, 2.1, 1.8, 1.4, 1.5, and 1.4, respectively. The ratios for the 
hemispheres in the same animals were 2.9, 3.2, 2.3, 1.9, 1.7, 1.4, 
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DAYS AFTER HATCHING 
Fic. 5. Elevations in y-aminobutyric acid levels in optic lobes 
and hemispheres of chicks of various ages at 1 hour after injection 
of y-aminobutyric acid; 6.7 g per kg were administered to all 
groups of animals except the 3-day chicks, which were given 10 g 


per kg. 
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Fic. 6. Influence of dose of y-aminobutyric acid on levels of 
+y-aminobutyric acid in optic lobes and hemispheres in 3- to 6-hour- 
old Rhode Island Red chicks at 1 hour after injection. 
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and 1.4, respectively. In newly hatched chicks (3 to 6 hours 
old), the elevation in content of y-aminobutyric acid in optic 
lobes and hemispheres at 1 hour after injection of y-aminobutyric 
acid appeared to depend on the quantity of y-aminobutyric acid 
administered (Fig. 6). The above results show that the injection 
of y-aminobutyric acid gives a relatively simple method of 
raising the levels of y-aminobutyric acid in brain in the young 
chick. Studies are in progress in which attempts are being made 
to correlate y-aminobutyric acid levels with various electro- 
physiological and behavioral measurements in the young chick. 

The above results are of particular interest in view of the 
finding that intravenous injection of as much as 3 g of y-amino- 
butyric acid per kg into young mature mice produced no changes 
in the levels of whole brain (2). After administration of y-amino- 
butyric acid, a time when the blood level was high, no y-amino- 
butyric acid was detectable in the cerebrospinal fluid of an 
unanesthetized monkey (19). Electrophysiological evidence 
indicated that systemically administered y-aminobutyric acid 
ordinarily does not pass the blood-brain barrier in the cat, but 
that after experimental local breakdown of the barrier, penetra- 
tion of intravenously injected y-aminobutyric acid does take 
place (20). The results of the present study suggest that the 
barrier to penetration of exogenously administered ‘y-amino- 
butyric acid is not complete in young chicks and possibly in 
immature animals of various other species, and that electro- 
physiologically and behaviorally detectable effects may be 
produced in the nervous system of such animals before the com- 
pletion of maturation. 

Suggestion of Possible Relation Between the Acetylcholine and 
y-Aminobutyric Acid Systems—Several attempts have been made 
to correlate acetylcholinesterase activity with increases in various 
maturational features in the amphibian and avian central 
nervous systems (21-23). Histological, histochemical, and 
experimental studies have led to the suggestion that the increase 
in this enzyme is associated with establishment of synaptic 
structures (22). A recent study has been made of the acetyl- 
cholinesterase activity in the optic lobes of the chick embryo 
during development (23). The sigmoidal curve of increase 
reached a half-maximal value at 16 days of incubation and be- 
came maximal at hatching. It is interesting in this connection 
that before the eighteenth day of incubation, neither the eyes nor 
the optic lobes indicate electrical changes in response to photic 
stimulation (24). If acetylcholine serves an excitatory function 
and y-aminobutyric acid an inhibitory or modulatory function 


(see various references on y-aminobutyric acid in (25)) in the | 


optic lobe, it should be possible to alter reactivity of the optic 
lobe to stimulation in a predictable manner during later stages of 
embryonic development and after hatching by altering the 
levels of these substances by administering them or by interfering 
with their formation, utilization, or pharmacological effective- 


ness. 


SUMMARY 


1. Measurements were made in the optic lobe of the chick of | 


content of y-aminobutyric acid and of glutamic decarboxylase 
and y-aminobutyric acid-a-ketoglutarate transaminase activities 
at various times of incubation of the embryo as well as after 
hatching. 

2. All the variables increased progressively with development 
in a similar manner, showing typical sigmoidal temporal relation- 
ships. The transaminase activity was at half-maximal level 1 
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day before hatching and maximal at 5 days after hatching, 
whereas the glutamic decarboxylase activity and y-aminobutyric 
acid content attained half-maximal values at hatching and maxi- 
mal levels between 5 and 10 days later. 

3. Intraperitoneal injection of y-aminobutyric acid into chicks 
between 3 hours and 21 days after hatching resulted in elevation 
of levels of y-aminobutyric acid in the optie lobes and hemi- 
spheres, the greatest extent of elevation being found in the 
younger animals. 
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Previous studies have shown that kynurenic acid and xanth- 
urenic acid are dehydroxylated by the rat to quinaldic acid (1) 
and 8-hydroxyquinaldic acid (2), respectively. Quinaldic acid 
is excreted by the rat mostly as free quinaldic acid or its glycine 
conjugate (3). 

Gordon, Kaufman, and Jackson (4) and Ichihara and Goto (5) 
found that the cat excretes subcutaneously injected kynurenic 
acid almost quantitatively in the urine. These observations 
were readily confirmed with the aid of kynurenic acid-carboxyl- 
C4, When radioactive kynurenic acid was administered orally 
to cats, however, it was found that a considerable quantity was 
excreted in the form of a new, strongly acidic product. This new 
metabolite yielded quinaldic acid-C“ on hydrolysis, and also 
proved to be the chief urinary metabolite of quinaldic acid- 
carboxyl-C™ in the cat, after either oral or subcutaneous admin- 
istration of the quinaldic acid. The new metabolite was isolated, 
characterized, and proved to be identical with synthetic quinal- 
dylglycyltaurine. 7 > 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Quinaldylglycyltaurine—Phthalylglycine was prepared as 
described by Billman and Harting (6). The method of Sheehan 
and Frank (7) was modified slightly for the synthesis of glycyl- 
taurine. After recrystallization from dilute ethanol the colorless 
product melted at 290° with decomposition.! The yield of 
glycyltaurine was 13% on a scale of synthesis of 20 mmoles. 


C,HwN20.8 
Calculated: C 26.37, H 5.53, N 15.37, O 35.13, S 17.60 
Found :? C 26.79, H 5.47, N 15.12, O 35.42, § 17.19 


Quinaldyl chloride was prepared and added to a solution of 
glycyltaurine under conditions analogous to those used by Davis 
(8). After treatment with a small amount of charcoal, the 
colorless solution was adjusted to pH 8 and passed through a 
column of Dowex 2-acetate. The column was washed with 10 
N acetic acid and the quinaldylglycyltaurine was eluted with 2 N 
HCl. The effluent was evaporated to dryness under reduced 
pressure. The residue was dissolved in a minimal amount of 


* Supported in part by grants from the National Institute of 
Arthritis and Metabolic Diseases (No. A-1127), United States 
Public Health Service, and the American Cancer Society. 

t+ American Cancer Society—Charles S. Hayden Foundation 
Professor of Surgery in Cancer Research. 

1 All melting points are uncorrected. 

2 Elemental analyses by Huffman Microanalytical Laboratories. 


water, and precipitated by the addition of absolute ethanol (m.p,, 


242°, with decomposition). The yield of quinaldylglycyltaurine 
was 30% when the synthesis was done on a 5 mmole scale. 


CuHisN30;8 
Calculated: C 49.84, H 4.48, N 12.46, O 23.71,S 9.51 
Found: C3 49.75, H? 4.32, N3 12.29, O? 23.78, S3 9.24 


Other Material—Kynurenic acid-carboxyl-C", quinaldic acid- 
carboxyl-C™, and quinaldylglycine were preparations used in 
previous studies (1, 3). The ion exchange resins were prepared 
for use as described previously (9, 10). 

Urine Collection—Young adult cats were purchased from local 
dealers and fed commercial canned cat and dog foods. 
urine collections, the animal was kept in a stainless steel cage 
fitted with a funnel. Urine samples were collected daily under 
toluene and glacial acetic acid, and were frozen until needed for 
analysis. When a cat was used for more than one experiment, 
several weeks were allowed to elapse between experiments. 


Paper Chromatography—Whatman No. 1 or No. 4 filter paper : 


During 


was used with the ascending solvent system of Mason and Berg | 


(11) containing 1 ml of 15 N NH,OH per 100 ml (12). 


Administration of Radioactive Compounds—The compounds — 
were administered in the quantities indicated in Table I. Oral — 
supplements were mixed with a small quantity of food which was — 


usually ingested in a few minutes by the hungry animal. 


Fractionation of Urine with Dowex 2-Acetate—From 2 to 5ml , 
of urine containing the amount of radioactivity shown in Table | 


II was passed through a column of Dowex 2-acetate 1.2 x 16 
cm and eluted by gradient elution as described previously (8). 


After removal of quinaldic acid, quinaldylglycine, and kynurenic | 


acid by gradient elution (3), the column was eluted with 2 n HC 
until no additional C™ could be detected in the effluent. Most, 
if not all, of the radioactivity in the HCl fraction appeared to be 
present as quinaldylglycyltaurine. 


Isolation of Quinaldylglycyltaurine from Urine—A cat was — 


given 50 mg of quinaldic acid daily in the food for 9 days and the 
urine was collected for 10 days. One-quarter of a 24-hour urine 
was adjusted to pH 8, passed through columns of Dowex 2-ace- 
tate (3 x 5 cm), and washed through with 850 ml of 10 N acetic 
acid. The quinaldylglycyltaurine was then eluted with 1 liter 
of 2 N HCl, which was removed under reduced pressure. The 
residue from 20 such columns was dissolved in 100 ml of water, 
adjusted to pH 1, and passed through a column of Dowex 5), 


(H+) (3 X 7 cm). 
1.5 liters of 0.2 N HCl and the combined effluent from the sample 


3 We are indebted to Mr. E. F. Shelberg and his staff at Abbott : 


Laboratories for these elemental analyses. 
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The column of Dowex 50 was washed with — 
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TABLE I | 
Excretion of C'* in urine during first 8 days after administration of kynurenic acid-carboryl-C™ or quinaldic acid-carboxryl-C" 
C4 excretion in the urine 
Compound Method of administration Dose given 
Ist day 2nd day 3rd day 
pmoles c.p.m. c.p.m. % c.p.m. % c.p.m. % 
_ _Kynurenic acid-carboxyl-C™....... Subcutaneous injection | 15.9 | 4,974,000 | 4,291,000 | 86.5 128,800 | 2.6; 3,400 | 0.1 
_ Kynurenic acid-carboxyl-C"....... Oral 15.9 | 4,310,000 | 2,601,000 | 60.3 | 1,224,000 | 28.4 | 44,100 | 1.0 
- Quinaldic acid-carboxyl-C™. ......| Subcutaneous injection | 25.6 | 3,224,000 | 2,685,000 | 83.2 257,400 | 8.0 | 10,240 | 0.3 
Quinaldic acid-carboxyl-C!4%........ Oral 27.6 | 3,995,000 | 3,488,000 | 87.3 50,900 | 1.3} 8,240} 0.3 
TaBLeE II 


Distribution of C'* in cat urine after administration of kynurenic acid-carboryl-C'* or quinaldic acid-carbozyl-C™ 


.P., | The distribution of C'* in cat urine among quinaldic acid, quinaldylglycine, kynurenic acid, quinaldylglycyltaurine, and other sub- 
‘ine —_ stances after the administration of kynurenic acid-carboxyl-C"™ or quinaldic acid-carboxyl-C™. A pooled mixture of an equal per- 
centage of the first and second 24-hour urines was used for the determinations. 
C4 recovered in fraction containing 
| Compound Method of Sample size 
| Quinaldy Kynurenic acid cyl- Other* 
c.p.m. c.p.m. % \c.pm.| % c.p.m. % c.p.m. % c.p.m. % 
a Kynurenic acid-carboxyl-C™......... Injection 82,180 264 | 0.3 | 1385 | 0.2 | 74,400 | 90.5 740 | 0.9 507 | 0.6 
_ Kynurenic acid-carboxyl-C™......... Oral 75,760 798 | 1.1 | 230 | 0.3 | 55,750 | 73.6 | 17,780 | 23.5 | 3,246 | 4.3 
Quinaldic acid-carboxyl-C™.......... Injection 58 , 850 785 | 1.3 | 238 | 0.4; 1,050; 1.8 | 42,550 | 72.3 | 5,118 | 8.7 
ocal Quinaldie acid-carboxyl-C™.......... Oral 70,780 |  699| 0.9| 48,710 | 68.8 | 6,092 | 8.6 
ring 
age * This represents the radioactivity which was present in all of the fractions other than the major peaks eluted from the Dowex 2- 
ider acetate columns. Some of this radioactivity was undoubtedly present in the form of the known compounds listed in this table. 
| for 
ent, and washing was evaporated under reduced pressure. The  aldic acid was given orally or by subcutaneous injection. Al- 
residue was dissolved in a small quantity of dilute ethanol, ad- most no free or conjugated quinaldic acid was excreted by the 
aper  justed to pH 6.0, and chromatographed on paper as described cat after injection of kynurenic acid-carboxyl-C“, but consid- 
Berg above. The area of the paper which showed a yellowish blue _ erable quantities of the glycyltaurine conjugate were excreted 
fluorescence (Rr 0.65 to 0.75) and changed to bright blue in the after ingestion of kynurenic acid. 
unds_~—_—pprescence of HCI fumes was cut out and eluted with 60% ethanol. When less than 1000 c.p.m. were present in the quinaldic acid 
Oral The alcohol was evaporated to dryness and the residue was dis- and quinaldylglycine fractions (Table II), the difficulties en- 
was _ solved in about 20 ml of 0.05 n HCl and passed through acolumn countered in recrystallization of these fractions with carrier 
of Dowex 50 as described above. After removal of the dilute compounds were such that it cannot be stated with certainty 
5ml HCl, the residue was recrystallized from dilute ethanol to yield _that all of the radioactivity was present as the designated com- 
‘able | almost colorless crystals. pound. Therefore, the percentage of the total radioactivity in 
x 16 Hydrolysis of Quinaldylglycyltaurine—Both natural and syn- these fractions must be regarded as maximal and not necessarily 
(3). | thetic quinaldylglycyltaurine were hydrolyzed with 6 N HClina__ the absolute amount of these metabolites. The recrystallization 
renic | water bath at 100° for various periods of time. After hydrolysis of kynurenic acid with carrier was technically easier. When 
HC! the acid was removed under reduced pressure and the residue was__ radioactive quinaldic acid was administered by injection and the 
Most, subjected to column or paper chromatography as described kynurenic acid fraction was recrystallized with carrier, the C™ 
tobe above. was gradually lost. Consequently, it was concluded that little, 
_ Radioactivity was measured with a thin window gas flow if any, of the small amount of radioactivity in this fraction was 
was counter (Nuclear-Chicago Corporation) and the counts were present as kynurenic acid-C". 
dthe corrected for background radiation and self-absorption. When 450 mg of quinaldic acid were given to a cat in a period 
urine of 9 days, it was possible to isolate 270 mg of crystalline quin- 
)-ace- RESULTS aldylglycyltaurine from the pooled urine (m.p., 242°). The 
acetic The urinary radioactivity was adequate to account for about melting point of a mixture of equal amounts of the synthetic and 
liter 90% of either the kynurenic or quinaldic acids administered natural materials was also 242°. The natural and synthetic 
The | (Table I), and most of this radioactivity was present in the first quinaldylglycyltaurine, chromatographed in an identical manner 
vater, two 24-hour urine collections. with the various paper and column procedures used, had identical 
x 50, When portions of the 24-hour urine collections containing the ultraviolet spectra at pH 2.0, 7.4, and 12.0 in 0.1 m phosphate 
| with | total number of counts recorded in Table II were chromato- buffers and had identical infrared spectra‘ (Fig. 1). Elemental 
ample 4 The infrared spectra were kindly recorded for us by Professor 
bbott — - Uver two-thirds of the quinaidic acid-carboxy Donald W. Smith, Department of Medical Microbiology, on a 


_ Was accounted for as quinaldylglycyltaurine whether the quin- 


Perkin-Elmer model 221 spectrophotometer. 
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Fig. 1. Infrared spectra of synthetic and natural quinaldyl- 
glycyltaurine.4 The samples were prepared as a mull in Bayol F 
and the absorption bands of the Bayol F have been identified on 
the tracings. The scales on the ordinates are intended as a guide 
and do not indicate the absolute values for per cent transmission. 


TABLE III 
Distribution of radioactivity in various compounds after partial 
hydrolysis of quinaldylglycyltaurine in 6 n HCl at 100° 
After the radioactivity of these samples was counted, the ap- 
propriate carrier was added to each and the fraction was re- 
crystallized to constant specific activity. 


Length of time hydrolyzed 
Fraction 
6 hours 34 hours 
c.p.m. % c.p.m. % 
20,350 | 65.6 | 15,400 | 13.6 
Quinaldylglycine................. 8,600 | 27.7 | 77,400 | 68.2 
Quinaldylglycyltaurine........... 684 | 2.0 | 17,040 | 15.0 
% Recovered................ 95.3 96.8 


analyses of the natural and synthetic compounds were in good 
agreement.” 

When the quinaldylglycyltaurine obtained from the urine of 
cats after the ingestion of quinaldic acid-carboxyl-C™ was sub- 
jected to incomplete hydrolysis, chromatography of the hydro- 
lyzed material on Dowex 2-acetate led to the distribution of 
radioactivity shown in Table III. Hydrolysis for 6 hours con- 


verted most of the quinaldylglycyltaurine to quinaldic acid and 
quinaldylglycine. 


After hydrolysis for 3} hours, about two- 
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thirds of the radioactivity was present as quinaldylglycine, and 
the remaining radioactivity was about equally distributed be- 
tween quinaldic acid and the starting material. In one such 
experiment, the natural quinaldylglycyltaurine containing quin- 
aldic acid-carboxyl-C™ was reprecipitated to constant specific 
activity with added synthetic carrier before the hydrolysis, 
Further carrier quinaldic acid and quinaldylglycine were added 
to the appropriate fractions of the hydrolysate, and the mixtures 
were recrystallized to constant specific activity. 

Two dimensional paper chromatography of the hydrolyzed 
quinaldylglycyltaurine made it possible to demonstrate the 
presence of two ninhydrin-positive spots which corresponded in 
Ry, value and color with authentic glycine and taurine. 

About 40% of the total radioactivity in the urine the second 
day after oral ingestion of kynurenic acid-carboxyl-C™ was 
present as quinaldylglycyvltaurine.’ When the whole urine was 
hydrolyzed for 6 hours at 100° with 6 N HCl and chromato- 
graphed as described above, the radioactivity in the quinaldy]- 
glycyltaurine fraction disappeared whereas the C" in the quin- 
aldic acid and quinaldylglycine fractions increased accordingly. 


DISCUSSION 


When the new metabolite was first detected, its strong acidity 
suggested that it might be a sulfonic acid. When a few milli- 
grams of pure natural material became available, it was readily 
possible to detect the presence of sulfur by ultramicro analysis.‘ 
This turned attention to taurine as the possible source of the 
sulfur. When it was demonstrated that partial hydrolysis 
liberated quinaldic acid and quinaldylglycine, it appeared most 
likely that the taurine was linked to the carboxyl group of the 
glycine. The method of synthesis of the quinaldylglycyltaurine 
would appear to exclude other possible linkages of the taurine 
moiety. 


Free (13, 14) and bound (13) taurine have been detected in cat _ 


urine. It is well known that carboxylic acids may be conjugated 


with glycine or taurine, but to our knowledge conjugation with — 
glycyltaurine has not been observed previously. Quinaldylgly- _ 


cyltaurine may represent part of the bound form of urinary 
taurine in the cat. 


In previous studies with the rat, it was found that a dose of | 
quinaldic acid could be almost completely accounted for in the | 


urine as unchanged quinaldic acid or its glycine conjugate (3). 
Attempts to find quinaldylglycyltaurine in rat urine after the 
administration of kynurenic acid have been unsuccessful.® 
Although 1.8% of the C™ in the urine after the injection of 
radioactive quinaldic acid was present in the kynurenic acid 
fraction from the Dowex 2-acetate columns, this radioactivity 


was lost upon recrystallization with carrier kynurenic acid. | 
Accordingly, it would appear that the cat cannot convert quin- — 


aldic acid to kynurenic acid. 


that the rat failed to hydroxylate quinaldic acid to kynurenic © 


acid (3). 


At present, therefore, it has been impossible to dem- — 


onstrate the hydroxylation of quinaldic acid to kynurenic acid in : 


either the cat or the rat. 


SUMMARY 


Oral or subcutaneously administered quinaldic acid-carboxyl- 
C4 was excreted in the urine by the cat in the form of a strongly | 


5M. Kaihara, unpublished data. 


6 We are indebted to Dr. R. A. Anderson and Dr. J. A. Miller ; 


of the McArdle Memorial Laboratory for these analyses. 


In previous studies it was found © 
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acidic compound which was isolated, characterized, and proved 
to be identical with synthetic quinaldylglycyltaurine. About 
two-thirds of the quinaldic acid was excreted in this form with 
either route of administration of quinaldic acid. Over 20% of 
an oral supplement and less than 1% of a subcutaneous supple- 
ment of kynurenic acid was accounted for in the form of urinary 
quinaldylglycyltaurine. 
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Aspergillic acid is an antibiotic which was first isolated by 
White and Hill (1) and Jones et al. (2) from cultures of certain 
strains of Aspergillus flavus grown on a tryptone-saline medium. 
The structure of aspergillic acid was established by Dutcher (3), 
Dunn et al. (4, 5), and Newbold et al. (6) to be that shown in Fig. 
1. Apart from some unsuccessful attempts to obtain production 


chs 


CH 
| OH 
CHs 


Fig. 1. Aspergillic acid 


of aspergillic acid from isoleucine in replacement cultures (3), 
there has been no work reported previously on the biogenesis of 
this antibiotic. 

In the present work, A. flavus was grown on a medium con- 
taining radioactive leucine or isoleucine, and these compounds 
were found to be incorporated into the aspergillic acid formed. 
Aspergillic acid was degraded to determine what part of the 
molecule contained the isotope and to determine the optical 
configuration of the sec-butyl] side chain. 


EXPERIMENTAL PROCEDURES 


A sufficient number of potato dextrose agar (Difco) slants of 
A. flavus PRL 932 were made at one time to provide spore inocu- 
lum for all the experiments reported here. A loopful of dry 
spores was used to inoculate each 250-ml flask containing 50 ml 
of sterile medium (2% tryptone, 0.05% NaCl). Isotope solu- 
tions were autoclaved separately and 2 ml (containing 10 mg of 
pt-leucine or 5 mg of p-leucine, L-leucine, or L-isoleucine) were 
added to each of five flasks. The growth conditions were those 
described by Woodward (7). 

Crude aspergillic acid was isolated from the culture filtrate as 
described by Dutcher (3). The crude acid (54 to 160 mg from 
five flasks) was next dissolved in 10 ml of CHCl; and extracted 
three times with 5 ml of 0.1 mM NaHCO; to remove an impurity 
with a higher melting point than that of aspergillic acid. The 
CHC}; layer was then extracted three times with 10 ml of 0.1 m 
NasCOs3, the aqueous layer made slightly acid, and the aspergillic 
acid extracted into ether. After evaporation of the ether, the 
aspergillic acid was further purified by sublimation at 80° and 5 
mm of pressure, and the major fraction resublimed at 60° and 
0.03 mm with, in both cases, an apparatus similar in principle to 
that described by Thomas et al. (8). 


*Issued as National Research Council No. 6088. 
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Radioactive aspergillic acid plus carrier aspergillic acid was 
degraded by methods described by Dutcher (3) and by Dunn et 
al. (5) to yield leucine, alloisoleucine, and isoleucine. The degra- 
dation was done, without the isolation of intermediate products, 
in the following manner. The reaction mixture from the bromi- 
nation of 85 mg of aspergillic acid was extracted several times 
with ether. The residue left after evaporating the ether was 
reduced with zinc and acetic acid. This reaction mixture was 
then adjusted to pH 4.5 with sodium hydroxide and extracted 
several times with chloroform. The residue left after evaporat- 
ing the chloroform was hydrolyzed with HBr. 

Mycelium from five flasks was pooled, washed twice with boil- 
ing water, and then hydrolyzed and chromatographed on an 
Amberlite CG-120 column (9). The column was eluted first 
with 2 liters of 0.2 M citric acid buffer pH 3.25, and then with pH 
3.9 buffer. The latter buffer eluted and separated leucine and 
isoleucine. ‘The appropriate eluate fractions were desalted and 
the amino acids purified by sublimation (9). The amino acids 
from the degradation of aspergillic acid were separated and puri- 
fied the same way. This procedure did not separate alloisoleu- 
cine and isoleucine. In the one experiment in which these were 
separated, citric acid buffer of pH 3.7 was used as the eluant. 
The amount of leucine and isoleucine in a tryptone hydrolysate 
was determined by adding a known amount of radioactive leucine 
and isoleucine to the hydrolysate, separating and purifying the 
isoleucine and leucine as outlined above, and determining the 
isotope dilution. 

Leucine was decarboxylated with ninhydrin and the products 
collected as BaCO; and the 2,4-dinitrophenylhydrazone deriva- 
tive as described elsewhere (9). 

pL-Leucine-1-C was obtained from Atomic Energy of Canada, 
Commercial Products Division, and uniformly labeled t-leucine- 
C™ and L-isoleucine-C' from Merck and Company, Montreal. 
Unlabeled t-isoleucine and p-alloisoleucine were obtained from 
the California Corporation for Biochemical Research, Los 
Angeles. p-Leucine-1-C™ was prepared from pt-leucine-1-C" 
by essentially the same method used to prepare p-valine-1-C" 
from pL-valine-1-C' (9). Radioactivity in samples was deter- 
mined as described elsewhere (9). 


RESULTS 


In preliminary experiments, it was found that the yield of 
aspergillic acid from A. flavus PRL 932 decreased on repeated 
subculture. Such an observation has previously been made for 
other strains of A. flavus by White and Hill (1). 
this effect, about a dozen slants were made of a selected culture 
which produced satisfactory yields of aspergillic acid; these slants 
were stored at 10° for use as inoculum. 
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The crude aspergillic acid produced by the organism melted TABLE I 
between 80 and 90°, uncorrected (Fischer-Johns melting point Incorporation of labeled leucine and isoleucine into mycelium and 
apparatus), whereas the purified acid (yield 44 to 60 mg from aspergillic acid by A. flavus 
five flasks) melted between 90 and 95°. The infrared spectrum | ne 
and x-ray diffraction pattern of the purified material were the i | clin hydroly "tes brodiucts of 
same as those obtained from an authentic sample of aspergillic i. of S.A. | *Spergillic aci 
acid (m.p. 93.5-94.5°), kindly supplied by Dr. G. T. Newbold, "ent | compound and activity, 
The Royal College of Science and Technology, Glasgow. Degra- a ~~ cine 
dation of the aspergillic acid gave a yield of leucine from 20 to ___ F nexows 
58% of theory. The amount of combined isoleucine plus alloiso- = pi-Leucine-1-C', 4.36 | 1.04, <0.01' 1.19 | 1.21 <0.02 
leucine was 50 to 60% of that of the leucine. In one experiment, uc | 
459 mg of aspergillic acid were degraded, and isoleucine was 2 | p-Leucine-1-C™%, 1.57 | 0.53) <0.01; 0.62 
ras separated from alloisoleucine. The optical rotations in 6 m HCl ue | 
\ et were [a]?° +38.9° (c = 3.85) for isoleucine and [a]®° —38.2° 3 | Uniformly labeled 1L- | 0.84; 0.02) 1.26 | 
sal (c = 3.02) for alloisoleucine. These samples had the same infra- Leucine-C, 4.84 ye | 
ts, red spectrum and same optical rotation (within 0.4°) as authentic 4 | Uniformly labeled L- | 0.19) 1.68, 2.29 0.22 2.32 
mi- samples of L-isoleucine and p-alloisoleucine, respectively. The Isoleucine-C™, 4.58 | 
nee leucine sample from this experiment had the same infrared spec- a8 
vas trum as authentic pi-leucine and was optically inactive. Be- *S.A. = specific activity, ue per mmole. 
was cause L-isoleucine and p-alloisoleucine have the same optical 
ted configuration at carbon 3 (10), it follows that the sec-butyl side termined, and the results showed that 1 g of tryptone contained 
rat- chain of aspergillic acid also has this configuration. The asym- 100 mg of leucine and 52 mg of isoleucine. If one assumes that 
metry at carbon 2 of leucine and isoleucine is introduced by the these amino acids in the tryptone are used by the organism at 
oil- degradation procedure and consequently, the isomers identified the same rate as the isotopic amino acids added, and that no 
an above are the ones expected. endogenous synthesis of these amino acids takes place, the ex- 
first The results of experiments with isotopic leucine and isoleucine __ pected specific activity of leucine in Experiments 1, 2, 3, and 4 
pH (Table I) show that these compounds are incorporated to a some- would be-1.04, 0.39, 1.21, and 0.18 ue per mmole, respectively, 
and what greater extent into aspergillic acid than into mycelial leucine and that of isoleucine in Experiment 4, 1.77 uc per mmole. The 
and and isoleucine. pL-Leucine-1-C' was used for the biosynthesis assumptions made for these calculations may not be strictly true, 
cids of aspergillic acid, which was subsequently chemically degraded for the calculated specific activities are only of the same order 
vuri- to leucine and alloisoleucine plus isoleucine. The activity was of magnitude as, and not necessarily identical to, the specific 
dleu- all present in the leucine so obtained (Table I), and on further activities of leucine or isoleucine from the mycelium of A. flavus 
were degradation, 87% of the activity in leucine was found in the’ or from the degradation of aspergillic acid (Table I). These 
lant. carboxyl group and less than 2% in the rest of the molecule. calculations indicate, however, that exogenous leucine and iso- 
rsate These results indicate that there is little or no conversion of leucine are incorporated to a significant extent into the mycelial 
acine leucine to isoleucine, and that the carbon skeleton of leucine is leucine and isoleucine and into aspergillic acid. 
z the incorporated intact, without randomization of activity, in the 
3 the | biosynthesis of aspergillic acid. The incorporation of both p- ee 
leucine-1-C™ and uniformly labeled t-leucine into aspergillic acid The results of the present work support the hypothesis that 
ducts | and mycelial leucine was high (Table I); therefore, the question the molecule of — gillic acid is synthesized by A. flav us from 
Tiva- | of which isomer is the more immediate precursor of the label in ©€ molecule of leucine plus one molecule of isoleucine. There 
aspergillic acid cannot be decided. are other reports in the literature which indicate that structures 
nada, t-Isoleucine was used for the biosynthesis of mycelial isoleu- S!™ilar in some respects to that of aspergillic acid are derived 
icine- | cine and the part of aspergillic acid which yields isoleucine plus ftom the appropriate amino acids. Winstead and Suhadolnik 
treal. |  slloisoleucine on degradation (Table I). In this case, there was (11) have provided evidence to show that gliotoxin (Fig. 2) is 
from | a relatively small but significant amount of activity in mycelia] derived in part from m-tyrosine and serine. Birch et al. (12) 
, LOS | leucine and leucine from the degradation of aspergillic acid. have mentioned that the heterocyclic ring in mycelianamide 
-1-C" | Some of the uniformly labeled L-isoleucine-C™ purchased for the (Fig. 3) is derived in part from tyrosine, with alanine presumably 
1-0" experiment was diluted with unlabeled L-isoleucine and t-leucine, 
deter- | and these were separated by chromatography. Approximately 
85% of the activity was present in the isoleucine and 15% in the $ 
leucine. Therefore, it is likely that the small activity in the AL Nc 
leucine fractions arose from the presence of labeled leucine in the CHp0H 
eld of isotope preparation used. "Fic 2. Gliotoxin 
peated The amount of leucine and isoleucine in the tryptone was de- 
ide fot | termined so that some indication of the amount of dilution of the ie 
nimiz | radioisotope could be obtained. It was not possible to obtain a 2 
culture separation of free leucine and isoleucine from other ninhydrin- Cig 
slants} reactive material in tryptone on chromatography, probably 
because of interference by peptides. However, the amount of leu- Oo OOH 


tine and isoleucine in an acid hydrolysate of tryptone was de- 


Fig. 3. Mycelianamide 


‘ 


ol4 


being used for the synthesis of the rest of the ring. A possible 
route for the biosynthesis of such compounds by the oxidation 
of appropriate peptides has been outlined by Birch and Smith 
(12). 

The degradation of one molecule of aspergillic acid might be 
expected to yield one molecule of leucine and one of isoleucine 
(or alloisoleucine). The actual vield of leucine obtained was 
about double that of the isoleucine plus alloisoleucine, but less 
than the theoretical maximum. It seems unlikely that the as- 
pergillic acid was heavily contaminated with a similar compound 
(as yet unknown) derived from two molecules of leucine. The 
properties of the compound used here were the same as those of 
an authentic sample of aspergillic acid. In addition, the specific 
activity of the leucine or isoleucine obtained in Experiments 1 or 
4, respectively, from the degradation of aspergillic acid agreed 
well with the activity in the whole molecule. It is more likely 
that the degradation procedure produced compounds which gave 
a higher yield of leucine than isoleucine isomers on hydrolysis. 

The specific activities of aspergillic acid or the amino acids 
derived from it on degradation were significantly higher than 
the specific activity of the corresponding amino acids in the my- 
celium. It may be that mycelal leucine and isoleucine are de- 
rived to a greater extent from endogenously synthesized leucine 
or isoleucine than is the antibiotic. 4. flavus can undoubtedly 
synthesize these amino acids, for it grows well on media com- 
posed of sucrose, nitrate, and salts. However, it is not known 
whether the organism will synthesize these amino acids if they 
are supplied in the medium. Further work will have to be done 
before the differences in specific activity mentioned above can be 
explained. 


SUMMARY 


1. When Aspergillus flavus was grown on media containing 
pL-leucine-1-C, p-leucine-1-C™, uniformly labeled L-leucine-C™ 
or L-isoleucine-C™, significant amounts of radioactivity were 
found in mycelial leucine or isoleucine, and in aspergillic acid. 
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2 When the aspergillic acid isolated from medium containing 
pL-leucine-1-C' was degraded to leucine and isoleucine isomers, 
the radioactivity was found in carbon atom 1 of leucine and none 
in the isoleucine isomers. 

3. When the aspergillic acid isolated from medium containing 
uniformly labeled L-isoleucine-C™ and a small amount of leucine- 
C'™ was degraded, most of the radioactivity was found in isoleu- 
cine isomers and a small amount in leucine. 

4. The sec-butyl side chain of aspergillic acid has the same 
optical configuration as that of carbon atom 3 of L-isoleucine. 

5. The results support the hypothesis that aspergillic acid is 
synthesized by A. flavus from leucine and isoleucine. 
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The experiments of Schaechter et al. (1) on Salmonella ty- 
phimurium demonstrate that the cell mass and the content of 
ribonucleic acid, deoxyribonucleic acid, and nuclei per cell can 
be expressed as an exponential function of the growth rate of 
cells. Roberts et al. (2) have examined the acid-soluble fraction 
of Escherichia coli in the state of balanced growth on a glucose- 
minimal salts medium. A complex profile of nucleotides was 
obtained, but no data were presented on E£. colt grown in other 
types of media. The objective of this investigation was to com- 
pare the profiles of certain of the acid-soluble nucleotides obtained 
at a number of different growth rates. 

As a result of this study, it has been found that the concen- 
tration of adenosine triphosphate in the cells is constant at all 
growth rates, the adenosine monophosphate concentration is 
extremely low under all conditions, and the nucleotide profile 
may vary widely with the composition of the medium as exem- 
plified by the accumulation of 5-amino-4-imidazolecarboxamide 
ribonucleotide and uridine diphosphate glucose under certain 
growth conditions. 


EXPERIMENTAL PROCEDURE 


ADP-8-C™, and ATP-8-C™ were ob- 
tained from Schwarz Laboratories, Inc. and had specific activities 
of 0.75, 1.45, and 1.25 we per mg, respectively. AMP and the 
sodium salts of ADP and ATP were obtained from Pabst Lab- 
oratories. All other nucleotides used as reference materials in 
paper or column chromatography were supplied by the Sigma 
Chemical Company. Analytical grade Dowex 1-X4, 200 to 400 
mesh, anion exchange resin was provided by Bio-Rad Labora- 
tories. A casein hydrolysate, Bacto-Casamino Acids, was ob- 
tained from Difco Laboratories. Millipore filters were obtained 
from the Millipore Filter Corporation. 

Growth Media—Media were chosen which would support a 
wide range of generation times. The composition of each was 
as follows: (1) 0.5% sodium lactate + salts; (2) 0.5% glucose 
+ salts; (3) eight amino acids + No. 2; (4) 1.5% casamino acids 
(vitamin-free) + No. 2; (5) 0.3% Difco malt extract + 0.3% 
yeast extract (Baltimore Biological Laboratory, Inc.) + No. 4; 
(6) 15°% sucrose + No. 2. The minimal salts were K,HPO,, 
0.7%; KH2PO,, 0.3%; 0.1%; trisodium citrate -2H.O, 
0.05%; 0.4 ml of 1 Mm MgSO, per liter. The eight amino acids 
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and CY-3231 from the United States Public Health Service. 

t Submitted in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy in Biological Chemistry at the 
Chicago Professional Colleges of the University of Illinois. 


in medium 3 (in g per liter) were L-phenylalanine, 0.4; L-isoleu- 
cine, 0.64; L-hydroxyproline, 0.04; L-arginine monohydrochlo- 
ride, 0.32; L-leucine, 0.8; L-aspartic acid, 0.56; L-tryptophan, 
0.08; and glycine, 0.06. The pH of this mixture was adjusted 
to 7.0 before it was sterilized. 

Double strength solutions of compounds used as carbon 
sources, and salts were prepared and sterilized separately before 
mixing. Solutions containing amino acids were sterilized by 
filtration through Millipore HA filters. 

Growth and Harvest of Cells—Sterile medium No. 2 (50 ml) in 
a 250-ml Erlenmeyer flask was inoculated with a loopful of EZ. 
coli strain B. The culture was incubated overnight at 37° on a 
rotary action shaker. This 12- to 18-hour culture (5 ml) was 
used to inoculate 1 liter of growth medium. The growth flask, 
maintained at 37° in a water bath, was aerated by vigorous 
bubbling. The density of the culture was obtained by following 
the absorbancy at 450 my in a Beckman DU spectrophotometer. 
It was determined that 1 ml of culture at an absorbancy of 1.0 
corresponded to 0.317 mg of dry weight. When the mass of 
the exponentially growing culture reached an optical density of 
about 0.8, 500 ml were removed into a chilled flask. To the 
remaining 500 ml of growing culture there were added 500 ml 
of fresh medium. This reduced the density by one-half and 
allowed continued exponential growth. The chilled portion was 
immediately filtered through a WH Millipore filter (pore di- 
ameter, 0.45 uw; over-all diameter, 14.2 em), and washed with 
two 50-ml portions of saline, isotonic with the medium. The 
filter was then placed in a 3-liter beaker containing 20 ml of 
0.6 N perchloric acid. No more than 10 minutes elapsed from 
the time of harvesting until extraction with perchloric acid, and 
all operations were performed at 4°. The cells were scraped and 
washed from the filter and the suspension transferred to two 
40-ml centrifuge cups and sedimented at 10,000 x g for 3 min- 
utes. The supernatants were neutralized with 2 n KOH and 
the KCIO, centrifuged at 1500 r.p.m. for 3 minutes in an Inter- 
national No. 2 centrifuge. The supernatant fluids were saved 
and combined with those from subsequent harvests. The com- 
bined extracts, representing about seven harvests or approxi- 
mately 1 g of dry weight of cells, was then lyophilized. The 
lyophilized material, mostly KC1O,, was washed with cold water, 
and the washings, about five, were combined and diluted to 50 
ml with water. This cold perchloric acid extract was then 
ready for column chromatography. 

Recovery Analysis—In order to determine the mechanical losses 
during the harvest procedure, a recovery analysis was performed. 
A total of 500 ml of a culture of EF. colt in exponential growth 
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were filtered and washed in the usual manner. To the filter in 
a beaker were added 55,800 c.p.m. of ATP-8-C™“%. The extract 
was worked up as described above. A second portion of 500 
ml of culture was treated in like manner with the same stainless 
steel beaker, centrifuge cups, etc., so as to simulate the opera- 
tions of a typical experiment. This second extract was lyophil- 
ized together with the first one, and the dry KCIlQO, residue was 
washed with water to dissolve the nucleotides. Aliquots were 
taken for determination of radioactivity, and it was found that 
111,600 c.p.m. were recovered. This corresponded to a 96.4% 
recovery. It can be concluded that losses of sample during the 
harvest procedure were negligible. 

Chromatographic Procedures—Dowex 1, chloride form, was 
converted to the formate form by the procedure of Hurlburt 
et al. (3). A resin bed 10 mm in diameter and about 20 cm in 
height was used for nucleotide separations. The formic acid- 
ammonium formate gradient elution procedure was used (3). 
The identification of the various fractions was determined by: 
(a) superimposing the plot for the radioactivity of the eluate 
onto the plot of absorbancy when small amounts of known C"*- 
nucleotides were added to the perchloric acid extract; (6) paper 
chromatography of certain fractions, after removal of contami- 
nating salts in the isobutyric acid-ammonium hydroxide system 
(4) and in the ethanol-ammonium acetate system (5); (c) com- 
paring the elution patterns with those obtained by other in- 
vestigators (6). Recovery of total ultraviolet absorbing material 
placed on the columns ranged from 75 to 99%. The average 
recovery was 82%. Each fraction was quantitated by integrat- 
ing the area under the peak and dividing by the molar absorbance 
at 260 mu at the pH of the eluate. Correction was made for 
the absorbance of the formate background. 

AICAR! was characterized by an absorption spectrum which 
was identical to that reported by Flaks et al. (7). ‘The absorp- 
tion spectrum of the chromophore produced in the Bratton- 
Marshall (8) test for diazotizable amines had a maximum at 550 
my (9). The ribonucleotide was eluted from Dowex 1 formate 
immediately after AMP, a result similar to that reported by 
Flaks et al. (10). 

Luciferase Assay for AT P—In addition to analysis by column 
chromatography, the ATP content was determined by the use 
of firefly luciferase according to a modification of the method of 
Strehler and McElroy (11). Thirty dried firefly lanterns were 
homogenized in 3 ml of water at 5°. The homogenate was ad- 
justed to pH 7.5 with 0.1 n NaOH and then sedimented at 1500 
r.p.m. for 10 minutes to remove coarse debris. The suspension 
was used as a crude luciferase preparation. The preparation 
was made fresh for each series of assays. 

The assay mixture contained 1.0 ml of 0.025 m glycylglycine 
buffer at pH 7.5, 0.1 ml of 0.1 m MgSQ,, and 0.1 ml of enzyme. 
The assay tube was placed in a Farrand fluorimeter, from which 
the filter in front of the photocell had been removed, and 0.2 
ml of ATP standard or of perchloric acid extract (diluted 1:10) 
was rapidly squirted in with a syringe. The maximal galva- 
nometer deflection was recorded. 

The presence of myokinase in the luciferase preparations was 
detected by adding ADP. However, it was found that a sig- 
nificant response to ADP could be detected only when its con- 
centration was about 10-fold greater than that of ATP. 


1The abbreviation used is: AICAR, 5-amino-4-imidazolecar- 
boxamide ribonucleotide. 
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Determination of Viable Counts—Samples of the culture were 
serially diluted 200,000-fold, and 0.1 ml was then mixed with 5 
ml of half strength nutrient agar (Difco Laboratories) at 40°. 
This was poured onto a layer of full strength nutrient agar. 
After solidification of the half strength agar occurred, a third 
layer of full strength nutrient agar wasadded. The plates were 
incubated overnight at 37°. From 50 to 500 colonies were ob- 


tained per plate. Sampling of the cultures was carried out when 


the optical density was about 0.4 and again at about 0.8. Two 
samples were taken at each time, and two plates were made for 
each sample. 


RESULTS 


Cell Mass as a Function of Growth Rate—Schaechter, Maalge, 
and Kjeldgaard (1) discovered on studies with S. typhimurium 
that the mass per cell of a culture in balanced growth was an 
exponential function of the growth rate expressed in doublings 
per hour. The data as plotted in Fig. 1 indicate that this same 
relationship holds for EF. coli. However, the mass of E. colt cells 


Gms dry wt X 10'4 per cell 


25 


1.0 LS 2.0 


i i 


Generations per Hour 


Fig. 1. Relation between £. coli cell mass and growth rate 


TABLE I 
Relationship of composition of medium, osmotic pressure, and 
temperature to growth rate and cell size 


No. Composition wx Mass/cell 
| x10 x10 
hr 
1 0.5% Sodium lactate + salts | 0.73 | 8.00 {| 39.6 
2 0.5% Glucose + salts 1.20 | 6.26 | 50.7 
3 Amino acids + No. 2 1.39 | 5.39 | 58.9 
4 1.5% Casamino acids (vita- | 2.14 | 3.44) 92.2 
min-free) + No. 2 
5 0.3% Malt extract + 0.3% | 2.40} 2.71 | 117.0 
yeast extract + No. 4 
6 15% Sucrose + No. 2 0.84 | 12.3 25.8 
2 (27°) 0.88 | 7.44; 42.5 


* One O.D. unit = 0.317 mg (dry weight). It was found that 
adsorbancy was proportional to the dry weight of cells in bal- 
anced growth at all growth rates. For media 1, 2, and 4 which 


represent a wide range of growth rates and were chosen for thor- | 
ough study, the values for mass per O.D. unit varied within 
This confirms the observations of Schaechter et al. (1) 


+2.1%. 
for S. typhimurium grown under similar conditions. 
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Fig. 2. Typical nucleotide composition of 1 g dry weight of E. coli in exponential growth. Hatched areas indicate the relative 
amount of radioactivity eluted from the resin in cases in which small amounts of C-14-AMP, -ADP, and -ATP were added to the 


resin along with the perchloric acid extract. 


is about 1.4 times larger than that of S. typhimurium grown in 
the same medium. In regard to the effect of a medium of high 
osmotic pressure, it appears that the cells become severely con- 
stricted, as is evident from Table I. Schaechter et al. observed 
that the temperature of growth had no effect on cell size or com- 
position. The one experimental result reported here is not out 
of line with this interpretation. 

Nucleotide Composition—Qualitatively, there is a broad spec- 
trum of nucleotides in the acid-soluble pool of E. coli, as can be 
seen from Fig. 2. One interesting observation has been the 
appearance of AICAR when the organisms are grown on cas- 
amino acids. The material, labeled as Peak X in Fig. 2, comes 
off the column immediately after AMP as a sharp, well defined 
peak in amounts comparable to ADP. The compound does not 
accumulate under any of the other growth conditions employed. 
In fact, it disappears when malt and yeast extracts are added to 
the casamino acids, e.g. with medium 5. 

Quantitative information on the nucleotide composition ap- 
pears in Table II. The values for AMP_and ADP are probably 
high. This is a result of the very low concentration of these 
substances within the cells, in addition to the breakdown of 
small amounts of ATP. The breakdown of 1% of the ATP to 
ADP would increase the ADP by 10%. In preliminary experi- 
ments in which the cells were harvested by centrifugation in the 
cold, or in cases in which the cells were not immediately chilled 
and kept cold, there was a pronounced increase in the levels of 
nucleoside di- and monophosphates. Henderson and LePage 
(12) have pointed out the great differences that occur in the 
nucleotide profile of Flexner-Jobling rat sarcoma tissue removed 
in the cold room and homogenized in acid, as compared to results 
from tissue frozen in situ. These changes are probably the 
result of enzymatic activity. 

The concentration of AMP in cells grown in media 1, 2, 3, 
and 4, with one exception, varied from 0.044 to 0.099 um per g. 
The exception was for medium 3 in which a value of 0.190 was 
averaged with 0.062 and 0.080. It is likely that this high value 
is due to breakdown of other nucleotides and that the two lower 
values more nearly represent the true concentration of the nu- 
cleotide. In media 5 and 6, the values varied from 0.11 to 0.13. 
Although more experiments would be needed to be certain that 
this value for medium 5 is significantly higher than for media 
affording slower rates, the data suggest such a possibility. The 
values for ADP varied by +50% for media 1 to 5, with the varia- 
tion being about the same for the experiments for one medium 
as for all the experiments. Again the variation is most likely 
due to breakdown of ATP, which is present in relatively large 
amounts. The observed values for ATP by either of the two 


TABLE II 


Amounts of acid-soluble nucleotides in E. coli during 
various conditions of growth 


Medium 


Total O.D./g* 

O.D./cell 

AMP, umoles/g 

AMP, umoles/cellf 

ADP, umoles/g 

ADP, umoles/cell ft 

ATP, umoles/g 

ATP, umoles/gt 

ATP, umoles/cellt 

GTP + UTP, umoles/g 

GTP + UPT, umoles/ 
cellf 

ATP + GTP + UTP, 
pmoles/cellf 

UDP-glucose, umoles/g 

UDP-glucose, y»moles/ 
cellt 

No. of experiments 


169 
1.08 
42.7 


2 


317 


2 


98 .4 


3 


2.95 
345 


2 


440 | 318 
113 | 135 
0.11/0.12 

3.1 |5.1 
0.83)0.51 
21 22 
5.84/4.75 
6.64/4.55 
161 | 197 
6.86/5.06 
177 | 215 
388 | 412 
1.30/4.66 
33.6 | 198 
2 1 


* (O.D.260 of perchloric acid extract) X (volume of extract in 
ml) per g of dry weight of cells. 


t Values are X10". 


~ ATP as determined by the use of firefly luciferase. 


methods used for a single medium were within +15% of the aver- 


age. 


The values determined by the luciferase method were al- 


ways 10 to 25% higher than that calculated from the curves. 
There is no apparent difference in the ATP concentration in cells 
at the various growth rates. The observed values for GTP + 
UTP and UDP-glucose were within +15% for experiments on a 
single medium. Althoughit would require several experiments on 
each medium to show significant differences in the concentrations 
of AMP, ADP, or ATP at different growth rates, it is apparent 
that in cells growing in balanced growth, the AMP concentration 
is very low, the relative amounts of AMP, ADP, and ATP are 
at least 1:6:50 under all conditions of growth studied, and there 
is no large difference in the concentration of any one of these 
nucleotides at the growth rates studied. 


DISCUSSION 


Since the rates of growth of microorganisms can be varied as 
desired by varying the composition of the medium or physical 
conditions such as temperature and osmotic pressure, it seemed 


ere 
h 5 
19° 
rar, 
ird 
"ere 
ob- 
hen 
wo 
Ige, 
ame Pe i 2 3 4 5 6 a 
264 | 295 302 | 384 (367 
| 105 150 178 | 354 [429 
0.078) 0.051!) 0.11110.069/0.13 
3.1 2.6 6.5 16.4 14 
0.51 | 0.62 | 0.45 (0.38 |0.59 
12 23 26 35 | 68 
2.99 | 2.91 | 3.99 [4.07 |3.80 
4.26 | 4.00 | 4.39 [4.94 [4.03 
135 | 173 247 | 415 |457 
2.38 | 2.84 | 3.75 |4.94 
94 114 221 | 455 
«(468 «870 
1.67 |4.08 
C376 
| 
| 
ass/cel_| 
X 10-4 
39.6 
50.7 | 
58.9 
92.2 
117.0 
25.8 
42.5 
d that | 
n bal- 
which 
thor- 
within © 
al. (1) 


518 


likely that growth under any one set of conditions would be 
limited by reactions leading to one of the gross cellular com- 
ponents, 7.e. cell wall, nucleic acids, proteins, or phospholipids. 
It was expected that the rate-limiting reactions would be de- 
pendent on the composition of the medium and would be reflected 
in the nucleotide composition of the acid-soluble fraction of the 
cells. The results obtained in this study are in accord with this 
expectation. In the glucose salts medium, the rate of growth 
is limited by the rate of amino acid synthesis. When amino 
acids are added, the rate of growth increases and AICAR ac- 
cumulates, indicating that purine synthesis is now limiting 
growth. When yeast extract is added, the growth rate is further 
increased, but AICAR no longer accumulates. 

If one plots the amounts of the nucleoside triphosphates per 
cell as a logarithmic function of the growth rate, linear relation- 
ships are obtained (Fig. 3). Comparing the slopes of these lines, 
it is apparent that as the mean cell size increases, the concentra- 
tion of the combined GTP-UTP fraction also increases. The 
concentration of ATP remains about the same. Apparently the 
energy-yielding reactions are adequate to meet the needs of the 
cell under all conditions. 

Interestingly, in the case of cells grown in a medium of high 
osmotic pressure, the amounts of ATP, GTP, UTP, and total 
ultraviolet light-absorbing material are very high when examined 
on a per g of dry weight basis. However, when considered in 
terms of amount per cell, the values are near to those given for 
glucose-salts-grown cells, medium 2. The simplest interpretation 
of this effect is that the cells are merely constricted by osmotic 
pressure effect, and thus all the soluble components are concen- 
trated. 

The experiment carried out on cells grown in a glucose-salts 
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Fic. 3. Relation between content of acid-soluble nucleotides 
and growth rate. 
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medium at 27° indicates that the composition and size are not 
greatly different from cells in the same medium at 37°. One 
anomalous feature of such cells, however, is their usually high 
content of UDP-glucose. The meaning of a four-fold increase 
in UDP-glucose per cell corresponding to a 10° decrease in tem- 
perature of cultivation is not clear. The profile of nucleotides 
in £. coli grown in the media at 27° will have to be established 
before any interpretation can be submitted. 

In media lacking amino acids, the UDP-glucose content per 
cell varies directly with the mass per cell. With the addition 
of amino acids, the UDP-glucose per cell rises drastically. This 
could be rationalized if one relates UDP-glucose with cell wall 
synthesis. Salton (13) has shown that £. colt cell wall contains 
about 16% of reducing substances which are mainly glucose and 
galactose. Park and Strominger (14), in addition, have impli- 
cated the participation of UDP-sugars in cell wall synthesis in 
Staphylococcus aureus. 

The appearance of AICAR when casamino acids are added 
to the medium may be interpreted to mean that the conversion 
of AICAR to IMP is rate-limiting. The increase in concentra- 
tion of this compound could arise through a lack of the trans- 
formylase enzyme, a lack of cofactors, or the elimination of a 
negative feedback mechanism. The addition of amino acids to 
E. coli and cell-free preparations of FE’. coli has been reported to 
cause the accumulation of aminoimidazole compounds (15, 16). 
In these experiments and others in which the accumulation of 
purine intermediates results from a genetic block or the addition 
of an inhibitor, the cells were not in balanced growth. In the 
present study, the increased cellular concentration of AICAR 
may reflect a rate-controlling reaction under balanced growth 
conditions in presence of amino acids. When yeast extract is 
added to the medium containing amino acids, the growth rate 
is increased and AICAR is no longer present in the acid-soluble 
fraction. This effect could result from the addition of cofactors 
or purine bases present in the extract. 


SUMMARY 


The composition of the acid-soluble nucleotide pool of Escher- 
ichia coli has been studied with various media which support 
different rates of growth. The relative amounts of adenosine 
mono-, di-, and triphosphate are at least 1 to 6 to 50 under all 
conditions of growth studied. It was found that, as with Sal- 
monella typhimurium, the dry weight per cell of E. coli increased 
exponentially with growth rate expressed in generations per hour. 
The adenosine triphosphate content per cell also exhibited ap- 
proximately this same increment of change, whereas the guanine 
triphosphate-uridine triphosphate content increased with growth 
rate to a greater degree. It was shown that the effect of a me- 
dium of high osmotic pressure is to constrict the cell and, in so 
doing, to concentrate the pool materials. Cells growing in the 
presence of 1.5% casein hydrolysate accumulate 5-amino-4- 
imidazolecarboxamide ribonucleotide, suggesting that purine 
synthesis may be rate-limiting. Addition of yeast extract in- 
creases the growth rate and eliminates the accumulation of 5- 
amino-4-imidazolecarboxamide ribonucleotide. 
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Studies on the carcinostatic purine analogue, 6-mercapto- 
purine, have revealed a variety of effects produced by this drug 
on biochemical reactions (1, 2). The inhibitory action of the 
drug on any particular biochemical pathway, however, may not 
be causally related to the inhibition of ceil growth, since the 
drug effect may not be of vital concern to the cell, or a compensa- 
tory pathway may become available to minimize the results of 
the biochemical blocks produced. Thus, information on the 
underlying mechanisms by which 6-mercaptopurine produces its 
inhibitory effect on cellular proliferation is still desired. The 
demonstration that various biochemical actions of 6-mercapto- 
purine are not responsible for the inhibition of growth may help 
to delineate further that process which is the drug’s principal 
action. 

The actions of 6-mercaptopurine that have been suggested as 
possibly responsible for the growth inhibition include the in- 
hibition of purine synthesis de novo (e.g. see references (3-—5)) 
and interference in the synthesis or function of coenzymes that 
contain purines (6—9) and in the interconversion of purines (10). 
Recently, the demonstration of a specific block by the ribonu- 
cleotide of 6-mercaptopurine of the conversion of inosinic acid 
to adenylic acid (11, 12) and guanylic acid (12) has suggested 
that the inhibition of these reactions was most detrimental to 
the growing cell. The importance of this effect was underlined 
by the observation by Brockman (13) that 6-mercaptopurine 
ribonucleotide was formed only by cells susceptible to the action 
of the drug, in contrast to resistant cells. 

The present study was designed to determine the effects that 
6-mercaptopurine produced on the synthesis of two cofactors, 
coenzyme I and coenzyme A, as well as on the formation of poly- 
nucleotides. Information is also presented concerning the rela- 
tive efficacies of the natural purines in reversing the effects of 
6-mercaptopurine on the growth of Bacillus cereus. The possi- 
bility of competition between 6-mercaptopurine and hypoxan- 
thine at the site of entry into the cell was also examined. A 
report of some of this work has been presented (14). 


EXPERIMENTAL PROCEDURE 


The following materials were obtained from the sources indi- 
cated and used without further purification: 6-mercaptopurine, 
Burroughs Wellcome and Company; adenine and guanine, Mann 
Research Laboratories, Inc.; 5-phosphoribosylpyrophosphate, 
Pabst Laboratories; adenosine 5’-triphosphate, nicotinamide 


* This research was supported by research grant CY-2978 from 
the National Cancer Institute, United States Public Health Serv- 
ice, Bethesda, Maryland, and by Institutional Grant IN-7 from 
the American Cancer Society. 


mononucleotide, crystalline yeast alcohol dehydrogenase, di- 
aphorase, and Col, Sigma Chemical Company; acetate-1-C¥, 
Nuclear Instrument and Chemical Corporation; 6-mercapto- 
purine-8-C and hypoxanthine-8-C™, Isotopes Specialties Com- 
pany, Inc; and phosphate-P*, Oak Ridge National Laboratory. 

All glassware for the enzyme determinations was cleaned by 
immersion for at least 30 minutes in a chromate-sulfuric acid 
mixture, and rinsed in tap, distilled, and then glass-distilled 
water. Reagents for the enzyme determinations were made up 
in glass-distilled water. 

Growth Experiments—Bacillus cereus strain 569H was grown 
in a salts-casein hydrolysate medium (Bacto-Vitamin Free 
Casamino Acids, Difco Laboratories), as described previously 
(15). A large inoculum was transferred from a Roux bottle 
culture to a glass vessel containing fresh medium and allowed 
to grow for 2 to 3 hours at 37° with vigorous shaking, until ex- 
ponential growth was obtained. This culture was rediluted and 
divided, and compounds were added when the cell concentration 
had reached 40 ug of dry weight per ml. The growth rate was 
measured turbidimetrically at 540 mu in the Beckman spectro- 
photometer, model DU. 

The incorporation of radioactive isotopes into fractions of the 
cells was measured by filtering precipitates onto collodion mem- 
branes and counting. These procedures have been described in 
detail previously (16). When the uptake of P%? was to be de- 
termined, the medium was buffered with Tris as described (17). 

Assay of Coenzyme I—The amount of Col in the cells was 
determined by a simple enzymic method similar to that of Glock 
and McLean (18). The following materials or concentrations 
were contained in Beckman cuvettes: 0.025 m phosphate buffer 
pH 7.5, 0.085 m ethanol, 0.04 mm 2,6-dichlorophenolindophenol, 
4.5 units of diaphorase, and 0.1 to 1.5 ug of Col in a final volume 
of 1.9 ml. The cuvettes were immersed in a water bath at 30° 
just before the determination, and then 0.1 ml of alcohol dehy- 
drogenase solution, containing 0.1 mg of protein, was added. 
Optical density readings at 600 mu were taken after 30 seconds, 
and every 15 seconds thereafter for 3 minutes. The rate of dye 
reduction was almost linear for the first 90 seconds, and a tangent 
at the first part of the progress curve was used to obtain the 
initial velocity of the reaction. A direct relationship between 
this velocity and the amount of Col added was observed such 
that the number of ug of Col in the sample was equal to 0.11 
< O.D. 600 mu per hour. With any one Col concentration, the 
activity was maximal with 3 or more units of diaphorase, and 
was constant at 20 to 60 um dye. The pH optimum was 7.5. 
More than 0.5 mg of alcohol dehydrogenase was required for 
maximal activity, but since the method was sufficiently sensi- 
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tive, a lower concentration was employed. The solution of al- 
cohol dehydrogenase was divided into several samples and stored 
frozen to avoid variations as a result of the denaturation of this 
solution. Col solutions, standardized by the method of Jedeikin 
and Weinhouse (19), were determined with each set of unknowns. 
The method is simple, specific, and has the advantage that all 
the materials are available commercially. 

To release the coenzymes from the microorganisms, a sample 
of cells (0.4 to 1.5 mg of dry weight) was filtered from the growth 
medium and removed from the filter by agitation in water. The 
cell suspension was immersed in a boiling water bath for 1 minute 
with constant agitation, and then cooled in an ice water mixture. 
After centrifugation and washing of the precipitate, the extract 
was reduced to dryness in a vacuum over CaCle. The dried 
material was dissolved in 0.3 ml of water, and 0.2 ml was used 
for the determination of Col as above. The maximal amount 
of coenzyme was released within 1 minute of heating the cells 
and remained constant for 4 minutes of heating, whereas almost 
none was released in the absence of heating. 

Assay of Coenzyme A—The amount of CoA in extracts of B. 
cereus obtained by the above procedure was measured by the 
method of Kaplan and Lipmann (20). 

Assay of Coenzyme I Synthesis in Vitro—Col pyrophosphory]l- 
ase was determined as described by Kornberg (21), except that 
the reaction was arrested by immersing the tubes in a boiling 
water bath for 30 seconds. An extract of B. cereus that con- 
tained Col pyrophosphorylase was prepared from 10 liters of 
culture (about 3 g of dry weight). Cells were removed, washed 
in 0.9% NaCl, suspended in 0.01 m Tris buffer pH 7.4, and dis- 
integrated in the Mickle apparatus in the cold for 2 hours. The 
extract was filtered through a glass wool plug, centrifuged to 
remove unbroken cells, and then diluted to 50 ml before lyophiliz- 
ing. The material so obtained was resuspended in 2.5 ml of 
water immediately before use. 


RESULTS 


Earlier work (15) has demonstrated that the inhibition of B. 
cereus by 6-mercaptopurine does not show the usual type of dose- 
response curve. The same degree of inhibition is observed with 
all doses tested, the generation time of inhibited cells usually 
being 35% greater than that of control cells. The inhibition 
commences immediately and ceases abruptly when all the 6- 
mercaptopurine has been metabolized. The limitations of the 
technique have made it impossible to obtain a growth rate inter- 
mediate between the control and that of maximally inhibited 
cells, since at the lower doses (below 3 uM) the duration of in- 
hibition becomes too short to measure the rate accurately. In 
the present study, the concentrations of 6-mercaptopurine used 
were selected to be as low as possible to, inhibit only the most 
sensitive reactions, while providing a duedhion of inhibition long 
enough to conduct suitable experiments. 

Competition between 6-Mercaptopurine and Hypoxanthine for 
Entry into Cell—The absorption of radioactivity from 6-mercap- 
topurine-8-C™ by unfractionated cells of B. cereus grown in the 
presence and absence of hypoxanthine, as measured by the mem- 
brane filtration method (15), is shown in Fig. 1A. Hypoxan- 
thine, which in the proportions used gave complete reversal of 
the growth inhibition, produced in the rate of uptake of the 6- 
mercaptopurine an initial reduction which also was observed to 
occur in the acid-soluble fraction (Fig. 1B). Nevertheless, ap- 
proximately the same total radioactivity from 6-mercaptopurine- 
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8-C™ entered the cells in the presence or absence of hypoxanthine. 
At these concentrations, 6-mercaptopurine did not affect the 
uptake of hypoxanthine-8-C™“. A similar conclusion was drawn 
from the effect of adenine on the uptake of 6-mercaptopurine-8- 

Effect of 6-Mercaptopurine on Coenzyme I Content of Cells— 
Kaplan et al. (9) have reported that 6-mercaptopurine diminishes 
the increase in the Col content of rat liver that normally occurs 
upon administration of nicotinamide. Since it was likely that 
a shortage of such an important cell constituent could be re- 
sponsible for the inhibition of growth produced by 6-mercapto- 
purine, the amount of this coenzyme in B. cereus was determined. 
As shown in Fig. 2A, no reduction of Col content could be demon- 
strated, and actually the amount of coenzyme per cell was slightly 
increased in the presence of the drug. 

The possibility still existed that an inhibition of the rate of 
Col synthesis resulted in a corresponding decrease in all other 
cell activities, including growth. If this were the case, there 
would be no change in the amount of coenzyme per cell. This 
possibility was investigated by using an extract of the: micro- 
organism that was able to synthesize Col from ATP and nico- 
tinamide mononucleotide. The synthesis was unaffected by 
6-mercaptopurine, and even the addition to this system of phos- 
phoribosylpyrophosphate, under which conditions similar ex- 
tracts produced 6-mercaptopurine ribonucleotide from the free 
base (22), did not affect the synthesis of Col. 

Effect of 6-Mercaptopurine on Coenzyme A Content of Cells— 
Biesele (8) and Garattini et al. (6, 7) have suggested that 6-mer- 
captopurine could interfere with the synthesis or function of 
CoA. The effect of the drug on the CoA content of B. cereus 


| 


3000 


2000 


50 
MINUTES 
Fic. 1. Effect of hypoxanthine on the absorption of 6-mer- 


captopurine-8-C™ by B. cereus. (O),6-mercaptopurine-C™, 6.6 um; 
(0), 6-mercaptopurine-C", 6.6 um + hypoxanthine, 7.4 um; (@), 
6-mercaptopurine-C'*, 3.3 um; (@), 6-mercaptopurine-C™, 3.3 um 
+ hypoxanthine, 3.7 um. A (top), whole cells; B (bottom), acid- 
soluble fraction. 


|| 
di- 
to- 
ory. 
by 
wid 
up 
wn 
ree 
sly 
ttle 
ved 
ex- 
and 
ion 
was 
tro- 
the 
em- 
d in 
de- 
17). 
was 
lock | , 
s 1000 
ffer 
nol, | 
ume 
30° 
ehy- 
ded. 
ynds, 
400 
gent 
the 
such 
0.11 
, the 
and | 
7.5. § 
d for 
ensi- 


522 6-Mercaptopurine Inhibition of B. cereus 


0.05 0.10 O15 0.20 


OD saomp 


Fic. 2. The content of coenzymes in B. cereus cells in 10 ml of 
bacterial suspension, grown in the absence (QO) or presence (@) of 
6-mercaptopurine (13.3 um). Growth followed turbidimetrically 
at 540 mu. A, ug of Col; B, ug of CoA. 


was therefore investigated. As is shown in Fig. 2B, no depres- 
sion of the CoA content could be demonstrated, and results very 
similar to those on Col measurements were obtained. This 
indication that the growth inhibition was not caused by an inter- 
ference with CoA synthesis or function was to some extent con- 
firmed by measuring the radioactivity in the cells during growth 
with acetate-C™ in the presence and absence of 6-mercaptopurine. 
Although considerable variation was evident in the three experi- 
ments, the uptake of radiocarbon in the presence of the drug 
ranged between 80 and 160% of the value for control cells when 
comparisons were made after the same changes in turbidity of 
cell suspensions. Thus an indication was obtained that growth 
inhibition could occur in the absence of any depression of acetate 
utilization. 

Uffect of 6-Mercaptopurine on Ribonucleic Acid Content—Pre- 
vious studies have demonstrated a decisive drop in synthesis 
de novo of polyribonucleotides as a result of treatment with 6- 
mercaptopurine (3-5). The effect of the drug on the uptake 
of P®Q,= by B. cereus was measured, therefore, since the major 
portion of this isotope is incorporated into the RNA fraction. 
As is demonstrated in Table I, cells growing in the presence of 
6-mercaptopurine most frequently incorporated less radioactivity 
for the same increase in turbidity than did control cells, thus 
confirming the previous reports. Similar results were obtained 
by the orcinol method for determination of RNA ribose (23). 
The depression in RNA content of B. cereus was variable, how- 
ever, and in several experiments, the RNA content of drug- 
treated cells was essentially that of control cells. Since in all 
eases a definite inhibition of growth was observed, it appears 
that an effect on RNA content was not an essential prerequisite 
for growth inhibition by 6-mercaptopurine. 
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Effects of Natural Purines on Growth Inhibition Produced by 
6-\Mercaptopurine—The recent findings that 6-mercaptopurine 
ribonucleotide inhibits the conversion of inosinic acid to adenylic 
acid or guanylic acid in a number of systems (11, 12) made de- 
sirable a careful analysis of the effects of natural purines in over- 
coming the growth inhibition produced by 6-mercaptopurine. 
The identification of 6-mereaptopurine ribonucleotide in B. 
cereus treated with the drug (15) lent support to the suggestion 
that these interconversions are an important site of the drug’s 
action in this organism. 

Various concentrations of hypoxanthine, adenine, or guanine 
were added together with 6-mercaptopurine to growing cultures 
of B. cereus. The resultant growth rates were logarithmic during 
the course of the experiments (1 to 2 hours). Fig. 3 shows the 
effect of the natural purines on the inhibition of growth of B. 
cereus produced by 6-mercaptopurine. Three concentrations of 
6-mercaptopurine were used (6.6 uM, 13.3 uM, 26.6 uM), the 
results for hypoxanthine, adenine, guanine, and the mixture of 
adenine and guanine (9, 12, 14, and 6 experiments, respectively) 
being combined into the curves shown in the figure. It is clear 
that the addition of hypoxanthine prevented completely the 
growth-inhibitory effect of 6-mercaptopurine at a concentration 
equal to or exceeding that of the drug. By contrast, neither 
adenine nor guanine could restore the normal growth rate, even 
when their concentration was twice that of 6-mercaptopurine. 
Furthermore, a mixture of adenine and guanine, in a ratio of 3 
to 2 (hypoxanthine was converted to nucleic acid adenine and 
guanine in approximately this ratio (15)), was no more effective 
in re-establishing the normal growth rate than was expected 
from the sum of their separate actions. 

Hakala and Nichol (24) have demonstrated that in Sarcoma 
180 and HeLa cells growing in tissue culture, the inhibitory 
effect of 6-mercaptopurine is overcome by hypoxanthine in a 
competitive manner. Similarly, in the present work, the re- 
versal by hypoxanthine was competitive; z.e. the extent of re- 
versal depends on the ratio of the concentrations of hypoxanthine 
and 6-mercaptopurine rather than on the absolute amount of 
hypoxanthine. 

Comparison of the effects of varying concentrations of adenine 
and guanine on growth in the presence of three concentrations 
of 6-mercaptopurine reveals that the two purines behave differ- 
ently (Fig. 4). The effect of adenine is competitive, and the 
curves for the three concentrations of 6-mercaptopurine are not 
significantly different. On the other hand, the curves for guanine 
can be distinguished from each other, the values for the extent 


TABLE I 
Effects of 6-mercaptopurine on growth rate of Bacillus cereus 
and on uptake of radioactive phosphate 
Growth measured turbidimetrically at 540 my, in Tris medium 
containing P#?0,= in presence or absence of 6-mercaptopurine. 
Radioactivity measured in residue after treatment of cells with 
cold 5% trichloroacetic acid. 


Experiment No. | Growth ‘Radiophosphate uptake 


% of control &% of control 


1 73 70 
2 69 80 
3 70 73 
4 78 99 
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0.5 1.0 
[Purine] [6-MER 
Fic. 3. Effect of the simultaneous addition of 6-mercaptopurine 
(6.6 to 26.6 uM) with either hypoxanthine (@), adenine (O), gua- 
nine (A) or a mixture of adenine and guanine (4) on the bacterial 


growth rate. Control growth (100%) in absence of 6-mercapto- 
purine was unaffected by addition of purines. 
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Fic. 4. Effect of purines in overcoming growth inhibition pro- 
duced by varying concentration of 6-mercaptopurine (O, 6.6 uM; 
@, 13.3 um; A, 26.6 um). Reversing purine adenine (top) and gua- 
nine (bottom). 
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Fic. 5. Reversal by adenine of inhibition of growth of B. cereus 
as a percentage of control growth by varying concentrations of 
6-mercaptopurine, plotted according to Lineweaver and Burk 
(25). O, 6.6 um; @, 13.3 um; A, 26.6 um. In absence of 6-mer- 
captopurine with the concentrations of adenine used, points form 
a horizontal line intercepting Y axis at 100. 


of reversal with the highest concentration of 6-mercaptopurine 
being significantly different from the other two. This displace- 
ment of the curve suggests that the reversal by guanine, although 
not complete, is noncompetitive. 

When the data on reversal with adenine were plotted in a 
manner similar to that of Lineweaver and Burk (25), as adapted 
by Hakala and Nichol (24), a further observation suggested 
itself. As shown in Fig. 5, in addition to the confirmation that 
the reversal with adenine is competitive, the diphasic nature of 
the curves could imply that the conversion of exogenous adenine 
to a derivative, which takes place slowly at the lower adenine 
concentrations, is required before reversal can take place. 


DISCUSSION 


A drug that inhibits growth may retard biosynthetic activities 
of the treated cell, even though it does not affect them directly, 
to the same extent as it reduces the growth rate. For this rea- 
son, in this and earlier studies, the properties under consideration 
have been compared in inhibited and control cultures after the 
same extent of proliferation, 2.e. after equal changes in turbidity, 
and the most important inhibitions have been considered to be 
those that exceed the inhibition of growth. If the property under 
consideration is the one that limits the rate of growth in unin- 
hibited cells, however, the effect of a drug on this property and 
on growth may be identical, and thus what appears to be a lack 
of an effect when compared in such a manner may still have sig- 
nificance. 

The failure of 6-mercaptopurine to depress the synthesis and 
content of both Col and CoA is an indication that interference 
with these cofactors is not the mechanism by which 6-mercapto- 
purine inhibits growth. The observation of increased utilization 
of acetate also suggests that the functioning of CoA probably 
is not impaired. Although a depression of RNA synthesis was 
frequently observed, the occasional experiment in which 6-mer- 
captopurine produced no such effect seems to preclude the possi- 
bility that the growth rate is depressed as a result of decreased 
RNA synthesis. The incorporation of 6-mercaptopurine as such 
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into RNA or DNA has been shown previously (15) to occur to 
such a small extent that inhibition by this means seems unlikely. 

The possibility that 6-mercaptopurine acts only as a feed-back 
inhibitor of purine biosynthesis in B. cereus (26) is ruled out by 
the experiments presented here, since in that case, all the natural 
purines should reverse the inhibition completely and noncom- 
petitively. 

One of the possible mechanisms of action that has received 
much consideration is that 6-mercaptopurine is converted to the 
ribonucleotide which then inhibits the interconversions of purines 
by competing with inosinic acid (11, 12). As has been suggested 
by Balis et al. (4), such a block could easily lead to deficiencies 
in metabolites produced from, or with the aid of, adenine or 
guanine nucleotides. In the present study, hypoxanthine was 
demonstrated to be a more effective reversing agent than adenine 
or guanine or a mixture of these two purines, and adenine re- 
versed the growth inhibition in a competitive manner. This is 
in contrast to the noncompetitive reversal with adenine that 
would be expected if a deficiency of adenylic acid within the 
cells, produced by 6-mercaptopurine, was responsible for the 
inhibition of growth. (Exogenous adenine gives rise very readily 
to adenylic acid in RNA, and is used about one-fourth as exten- 
sively for RNA guanylic acid synthesis of these cells.!) Thus 
the reversal of the inhibition produced by adenine might be ex- 
plained by its slow conversion to an unknown nucleotide con- 
taining hypoxanthine. “ 

The reversal by guanine appears to be noncompetitive, and 
therefore, some of the growth inhibition may result from the 
decreased conversion of inosinic acid to guanylic acid. The 
inability of guanine or adenine or a mixture of these purines to 
reverse completely the growth inhibition of 6-mercaptopurine, 
in contrast to the effect of hypoxanthine, suggests than an in- 
terference by the drug in the functioning of a hypoxanthine- 
containing metabolite is one of the primary sites of action of 6- 
mercaptopurine in this microorganism. 

Since there is no normal requirement of exogenous hypoxan- 
thine for growth of B. cereus, and since the radioactivity from 
6-mercaptopurine-8-C"™ in the cell fractions was no less in the 
presence of added hypoxanthine than in its absence, the com- 
petition between the purines for entry into the cell cannot ac- 
count for the inhibition of growth by 6-mercaptopurine, nor 
can it be responsible for the observed prevention of growth in- 
hibition by hypoxanthine. The available evidence indicates 
that very small amounts of 6-mercaptopurine within the cells 
of B. cereus will give rise to the maximal inhibition of growth 
(15), and thus the significant effect of hypoxanthine in reversing 
the inhibition must occur after the absorption of the two purines. 

It should be mentioned, however, that the most important 
site of action may not be the same in all cells. Hakala and 
Nichol (24) have shown, for instance, that in Sarcoma 180 and 
HeLa cells in tissue culture, adenine is the most effective reversing 
agent, and its action is noncompetitive. Such a result suggests 
that a block in the production of adenylic acid is responsible for 
the inhibition of growth in these cells. On the other hand, 
Tomizawa and Aronow (27) have shown that short exposure to 
low concentrations of 6-mercaptopurine produces a delayed 
toxic effect on mouse fibroblasts in tissue culture. Such an ob- 
servation cannot be explained on the basis of the above hypothe- 
sis. 


1H. G. Mandel, submitted for publication to J. Pharm. Exptl. 
Therap. 


6-Mercaptopurine Inhibition of B. cereus 


SUMMARY 


Various possible mechanisms for the inhibition of growth of _ 
Bacillus cereus by 6-mercaptopurine were investigated. The 
drug does not affect the synthesis of coenzyme I or coenzyme A | 


in this organism, and it does not appear that an effect on poly. 
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ribonucleotide synthesis is obligatory for growth inhibition, 
The inhibition of the growth is reversed competitively by hy. 
poxanthine, complete reversal being obtained when the hypoxan. 
thine concentration equals that of the 6-mercaptopurine. Ade. 
nine, guanine, and a mixture of these two purines do not restore © 
growth to the control level, even at a concentration twice that — 
of 6-mercaptopurine. The competitive reversal by adenine sug. 
gests that inhibition of the conversion of inosinic acid to adenylic | 
acid is not the primary site of inhibition in this organism. The 

noncompetitive reversal of growth inhibition with guanine im. 
plies that a block in the conversion of inosinic acid to guanylic — 
acid is partially responsible for the inhibition. It is suggested | 
that 6-mercaptopurine also inhibits growth by interfering with 

an unknown function of a metabolite of hypoxanthine. | 
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Biosynthesis of Diphosphopyridine Nucleotide 


II. NICOTINIC ACID MONONUCLEOTIDE PYROPHOSPHORYLASE* 


JOHN IMSANDET AND PuHitip HANDLER 


From the Department of Biochemistry, Duke University School of Medicine, Durham, North Carolina 


(Received for publication, June 17, 1960) 


The biosynthesis of diphosphopyridine nucleotide from nico- 
tinic acid was demonstrated by Preiss and Handler (1-4). The 
available evidence indicated that DPN biosynthesis proceeds by 
the following sequence: 
Nicotinic acid + PRPP! = (1) 

Nicotinic acid mononucleotide + PP; 


Nicotinic acid mononucleotide + ATP = N,AD + PP; (2) 


N,AD + ATP + glutamine — (3) 
DPN + glutamate + AMP + PP; 


When human erythrocyte preparations or yeast autolysates were 
incubated with nicotinic acid-C"™, labeled nicotinic acid mononu- 
cleotide and N,AD! accumulated as well as DPN. That these 


nucleotides are synthetic intermediates rather than degradation 
products of DPN is indicated by the fact that, after administra- 


tion of nicotinic acid to the rat, N,AD is formed before DPN. 
This observation was substantiated by Langan e¢ al. (5). Fur- 
ther, Reaction 3 appears to be essentially irreversible (4). 

A hog liver preparation, active as DPN pyrophosphorylase, 
obtained by the procedure of Kornberg (6) was shown to be 
highly effective as a catalyst of Reaction 2 (4). The presence of 
an enzyme which catalyzes Reaction 1 in human erythrocytes 
was demonstrated, but only slight purification was effected (4). 
However, attempts to demonstrate the formation of nicotinic 
acid mononucleotide from nicotinic acid and PRPP by liver 
preparations were unsuccessful. It appeared, nevertheless, that 
liver is responsible for the synthesis of DPN required by that 
tissue, since DPN-C"™ appears in liver soon after administration 
of nicotinic acid-C (4) or nicotinamide-C™ (5), and transfer of 
large quantities of DPN from erythrocytes to liver cells appears 
most unlikely. 

This paper will describe the isolation and some of the properties 
of an enzyme from beef liver which catalyzes Reaction 1, thus 
supporting the concept that hepatic DPN is synthesized from 
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nicotinic acid via nicotinic acid nucleotide intermediates.? The 
name “nicotinic acid mononucleotide pyrophosphorylase” is 
proposed for this enzyme. 


EXPERIMENTAL PROCEDURE 


Materials—Nicotinic acid-7-C™ (specific activity 3.09 me per 
mmole) was obtained from New England Nuclear Corporation; 
ATP, CTP, and ADP from Pabst Laboratories; GTP, ITP, UTP, 
and hexokinase from Sigma Chemical Company; ribose 5-phos- 
phate from Schwarz Laboratories, Inc.; and DEAE-cellulose 
from Brown and Company, Berlin, New Hampshire. PRPP was 
prepared by the procedure of Kornberg et al. (7) or obtained from 
Pabst Laboratories. Nicotinic acid-C“ mononucleotide was 
prepared by the procedure of Preiss and Handler (3), and un- 
labeled nicotinic acid mononucleotide, which had been isolated 
from yeast (8), was a generous gift from Dr. R. W. Wheat. 
Calcium phosphate gel and alumina gel Cy were prepared and 
aged by standard procedures (9). 

Methods—Acetone powders were prepared from fresh, chilled 
beef liver by the procedure described by Kornberg (6) and stored 
at -—12°. Nicotinic acid nomonucleotide pyrophosphorylase 
activity was measured by following the formation of nicotinic 
acid-C' mononucleotide from nicotinic acid-7-C%. strip 
counter was used to assay radioactivity after separation of the 
reaction components by paper chromatography (3). Purine and 
pyridine derivatives, which had been separated chromatograph- 
ically, were located on paper under ultraviolet light from a 
Mineralite R-51 lamp. Nicotinic acid mononucleotide was 
distinguished from nicotinamide mononucleotide by the proce- 
dure of Kodicek and Reddi (10). Radioactive spots were nor- 
mally counted with a Forro strip scanner equipped with an 
Esterline-Angus recorder or a scanner obtained from Atomic 
Accessories, Inc.; however, when the radioactivity of a spot was 
less than 3 X 10° disintegrations per minute, the spot was eluted 
into a planchet, dried, and counted in a gas flow counter. PRPP 
was assayed at 295 my with orotidylic acid pyrophosphorylase 
(7). Inorganic pyrophosphate was hydrolyzed by inorganic 
pyrophosphatase (11) and determined as orthophosphate (12). 
Protein was assayed according to the procedure of Warburg and 
Christian (13). 

Standard Assay Procedure—Reaction mixtures for assaying the 
enzyme contained the following, in umoles: MgCl, 5.0; ATP, 


2 A preliminary report of these studies was presented before the 
Division of Biological Chemistry of the American Chemical 
Society at its 136th Meeting, Atlantic City, New Jersey, Sep- 
tember 1959. 
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TaBLe 
Purification of nicotinic acid mononucleotide 
pyrophosphorylase from beef liver 
The starting material was 30 g of acetone powder. 


Step ae Units | Protein | pe Yield 
ml | mg % 

250 825 12250 0.07! 100 

2. (NH,)2SO, fractionation..... 200 800 4080 0.20. 97 
3. pH and (NHs4)2SO, fractiona- | 

4. Ca3(PO,)2 gel supernatant... 25 2000 112 | 17.8 | 240 

5. DEAE-cellulose eluate ....... 40. 1360 30 | 45.3 165 

6. Alumina gel Cy eluate....... 10 =820 7 | 74.3 63 


2.0; PRPP, 0.2; phosphate, pH 7.3, 40; nicotinic acid-7-C%, 0.1; 
and approximately 9 units of enzyme ina volume of 0.8 ml. The 
reaction mixtures were incubated for 5 hours at 37°, then depro- 
teinized by heating in a boiling water bath for 1 minute. A 25- 
ul aliquot of the protein-free mixture was separated chromato- 
graphically with an ethanol-ammonium acetate solvent svstem 
(3). 

A unit of activity was defined as the amount of enzyme re- 
quired for the synthesis of | mumole of nicotinic acid mononu- 
cleotide per hour, and specific activity was expressed as units per 
mg of protein. Under conditions of the standard assay, DPN 
formation was linear with time for 10 hours and directly pro- 
portional to enzyme present in the range tested (5 to 15 units). 

Purification Procedure: Step 1. Extraction—Acetone powder 
(30 g) was extracted for 30 minutes at room temperature with 
300 ml of 0.05 m Tris pH 7.4, with occasional stirring. The 
suspension was then centrifuged in the cold at 10,000, x g for 10 
minutes and the residue discarded. All subsequent steps were 
performed in the cold except when otherwise specified. 

Step 2. Ammonium Sulfate Fractionatton—Ammonium sulfate 
(61.3 g) was added slowly to 250 ml of the extract to 35% sat- 
uration, with continuous stirring. Stirring was continued for an 
additional 10 minutes, the mixture was centrifuged as in Step 1, 
and the supernatant discarded. The precipitate was taken up 
in 200 ml of 0.01 m Tris pH 7.4. 

Step 3. Acid Incubation and Ammonium Sulfate Fractionation— 
The solution obtained in Step 2 was adjusted to pH 4.8 with 
approximately 3.8 ml of 0.4m HCl. Stirring was continued for 
1 hour; then the mixture was centrifuged as in Step 1, and the 
precipitate discarded. The supernatant was adjusted to pH 
7.4 with approximately 1.5 ml of 0.5 mM Tris pH 10.7, brought to 
32% saturation with 45.7 g of ammonium sulfate as in Step 2, 
centrifuged, and the supernatant discarded. The precipitate 
was taken up in 70 ml of water and dialyzed for 1 hour against 6 
liters of water. Centrifugation was repeated if turbidity devel- 
oped during dialysis. 

The total enzyme activity recovered after this step of the 
procedure was, invariably, 3 to 5 times as great as the apparent 
activity of the starting material. This is thought to result from 
the removal of enzymes which compete for ATP or PRPP under 
the standard assay conditions or which directly inhibit the ac- 
tion of nicotinic acid mononucleotide pyrophosphorylase. 

Step 4. Removal of Inactive Proteins by Adsorption on Calcium 
Phosphate Gel—The preceding preparation (70 ml) was diluted 
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to 490 ml, and 10 ml of 0.5 m phosphate pH 7.3 were added. 
The solution was combined with 2 g (dry weight) of aged cal- 
cium phosphate gel, stirred for 10 minutes, centrifuged, and the 
gel was discarded. The supernatant was brought to 35% sat- 
uration with 122.5 g of ammonium sulfate as in Step 2, centri- 
fuged, and the supernatant discarded. The precipitate was 
taken up in 25 ml of water and dialyzed for 2 hours against 4 
liters of water. 

Step 5. DEAE-Cellulose Chromatography—The aqueous solu- 
tion obtained in Step 4 was added to a packed 1.6- x 6-cm 
column prepared from a 0.005 m phosphate suspension of DEAE. 
cellulose pH 7.4. Contaminating materials which appeared as 
a dark band were washed from the column with approximately 
40 ml of 0.005 m phosphate pH 7.4. The column was eluted, 
batchwise, with 50 ml of 0.025 m phosphate pH 7.4, followed by 
40 ml of 0.05 m phosphate pH 7.4. The two fractions were 
collected separately, dialyzed against 4 liters of water, and as- 
saved. Activity was usually associated with the 0.025 m phos- 
phate eluate. 

Step 6. Alumina Gel Cy Adsorption—Alumina gel Cy (100 
mg dry weight) was added, with stirring, to the active prepara- 
tion obtained in Step 5. Stirring was continued for 10 minutes 
and the suspension centrifuged at 2000 r.p.m. for 5 minutes. 
The supernatant was set aside, and the gel was eluted with 10 
ml of 0.025 m phosphate pH 7.4. The suspension was centri- 
fuged and the gel discarded. Supernatant and eluate fractions 
were assayed; the majority of the activity was usually associated 
with the latter fraction. 


The procedure for purification of nicotinic acid mononucleotide | 
pyrophosphorylase from beef liver acetone powder is summarized _ 
Preparations representing the various steps of puri- — 
fication retained at least 50% of their activity for 3 months | 


in Table I. 


when stored at —12°, with the exception of the dilute eluate 


from DEAE-cellulose. The final product exhibited a specific | 
activity somewhat more than 1000 times that of the proteins of | 
the initial extract of the acetone-dried powder of beef liver. | 
However, since Step 3 resulted in a four-fold increase in apparent | 
total activity, the final product is considered to be 270-fold pur- | 


fied from the original extract, or about 500-fold with respect to 
whole liver. : 


RESULTS 


Stoichiometry—Balance studies showed the stoichiometric re- | 


lationship between the consumption of nicotinic acid and PRPP 


and the formation of N,MN expected for Reaction 1 (Table I). | 


TaB_Le 
Stoichiometry of nicotinic acid mononucleotide synthesis 


The incubation system, containing 0.21 umole of nicotinic © 
acid-7-C'4, 0.657 umole of PRPP, 2 umoles of ATP, 10 umoles of © 
MgCle, 50 umoles of Tris buffer pH 7.3, and 22 units of purified — 
enzyme, at the DEAE-cellulose eluate stage of purification, ina — 


final volume of 2.0 ml, was incubated for 5 hours at 37°. 


NaMN PRPP Nicotinic acid 
Omissions synthesized consumed consum 
mumoles mumoles mumoles 
112 248 112 
0 130 0 
Nicotinic acid......... 0 148 
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Attempts to demonstrate stoichiometric production of PP; 
were unsuccessful because of phosphate production which re- 
sulted from spontaneous hydrolysis of PRPP during the relatively 
prolonged incubation. A more convincing indication that PP; 
is indeed a product of the reaction was derived from the reversi- 
bility studies described below 

pH Optimum—Synthesis of N,MN was catalyzed over a wide 
pH range with an optimum at about pH 7.2 as shown in Fig. 1. 
In contrast, whereas a broad pH optimum was found for catalysis 
of the pyrophosphorolysis of N,MN, there was an abrupt de- 
crease in activity below pH 6.5. 

Adenosine Triphosphate Stimulation—In earlier studies with 
yeast autolysates (4), it had been observed that NaMN synthesis 
was enhanced by ATP. This effect was consistently observed 
with the partially purified beef liver enzyme (Figs. 2 and 3). 
Under the conditions of the standard assay, stimulation has 
been found to vary from 60 to 700% with different enzyme prep- 
arations. Of particular interest is the fact that the largest ATP 
effects have been observed with aged preparations of the enzyme. 
The triphosphates of inosine, cytidine, or guanosine were 20 to 
30% as effective as ATP, whereas UTP was slightly inhibitory. 
ADP and 3,5-cycloadenosine did not affect the reaction rate; 
PP; and tripolyphosphate were inhibitory. Stimulation by 
ATP was not related to PRPP formation, since N,MN synthesis 
did not occur when PRPP was replaced by ATP and ribose 5- 
phosphate. The possibility that ATP retards degradation of 
PRPP was also eliminated, since stimulation was independent 
of the PRPP concentration. Preincubation of enzyme with 
ATP, and subsequent removal of the ATP by the addition of 
hexokinase and glucose before incubation with PRPP failed to 
stimulate the reaction. Hence, phosphorylation of an inactive 
form of the enzyme appears unlikely. It seems likely, therefore, 
that the ATP-Mg complex may stabilize the structure of the 
enzyme at its active site. This can be established only with a 
more highly purified enzyme preparation than that currently 
available. Such structural stabilization may be similar to the 
effect of ATP on brain adenylic deaminase (14), and adenylic 
ribosidase (15) or phosphate on renal glutaminase (16). 

Magnesium Requirement—Enzymatic synthesis of N,MN from 
nicotinic acid and PRPP, like all known reactions which utilize 
PRPP, requires the presence of a divalent metal ion. Magne- 
sium has been shown to fulfill this requirement in all cases, and 
an equimolar interrelationship between magnesium and PRPP 
has been postulated (17). In the synthesis of NzMN, however, 
the influence of Mg** is a function of the concentration of ATP 
(Figs. 2 and 3). It will be seen that, at each level of ATP, max- 
imal activity was obtained when Mg** and ATP were present 
in approximately equimolar quantities. At higher concentra- 
tions, when free Mg** ion would be present, the latter appears 
to be inhibitory. 

Orthophosphate Stimulation—Orthophosphate was consistently 
observed to stimulate synthesis of NaMN (Fig. 4). Whether 
the enzyme has an absolute requirement for orthophosphate 
could not be determined, since PRPP breakdown, trace amounts 
of inorganic pyrophosphatase, and other contaminating enzymes 
produced phosphate during incubation. However, the manner 
in which phosphate stimulation was suppressed by arsenate 
suggests that phosphate may not be a reaction requirement. 
Under similar conditions, borate and sulfate did not influence 
the rate of the reaction. Orthophosphate is required for PRPP 
synthesis (18); however, phosphate stimulation in the present 
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my moles NoMN Formed 


my moles Nicotinic Acid Formed 


55 60 65 70 75 80 

pH 
Fic. 1. Influence of pH on enzymatic synthesis and pyrophos- 
Phorolysis of nicotinic acid mononucleotide. The standard 
enzyme assay conditions, with 8.5 units of enzyme (alumina gel 
Cy eluate), were used in the study of N,MN synthesis (@——®@). 
Values of pH were varied by titration of the phosphate buffer. 
Reaction mixtures for study of pyrophosphorolysis (nicotinic 
acid exchange reaction, see Table III) (O——O) contained 5 
umoles of MgCl,, 2 umoles of ATP, 0.03 uwmoles of nicotinic acid- 
C!?, 0.2 umole of N,MN-C!!, 2.0 umoles of PP;, 40 umoles of Pi, 
and 14 units of enzyme in a total volume of 0.8 ml. Incubation 

was continued for 3 hours at 37°. 


307 


20 


my Moles NoMN Formed 


0-7 
10 20 30 
p» Moles Mg** 

Fic. 2. Effect of Mg** concentration on the formation of N,MN 
Standard assay conditions, with 6 units of enzyme (DEAE-cel- 
lulose eluate), were employed. ATP (2.5 wmoles) was present in 
one series (@——®@) and omitted from the other series (O——O), 


my Moles NoMN Formed 


yp Moles ATP 
Fic. 3. Effect of ATP on the synthesis of N,MN at varying 
Mg** concentrations. Standard assay conditions, with 10 units 
of enzyme (DEAE-cellulose eluate), were employed. Individual 


tubes contained 5 (@——@), 15 (O——O), or 30 (K—- x) 
umoles of MgClo. 
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Fig. 4. Effect of orthophosphate and arsenate on the formation 
of nicotinic acid mononucleotide. Incubation mixtures contained 
4 umoles of MgCl., 2 umoles of ATP, 40 umoles of Tris pH 7.3, 
0.26 umole of PRPP, 0.1 umole of nicotinic acid-C', purified 
enzyme, and phosphate and arsenate as indicated. Incubation 
was at 37° for 5 hours. 


TaBLeE III 
Nicotinic acid exchange with nitotinic acid-C'* mononucleotide 
The incubation system, containing 80 mumoles of NszMN-C*, 
30 mumoles of nicotinic acid-C!”, 2.0 wmoles of ATP, 2.0 umoles 
of PP;, 5 umoles of MgCle, 40 umoles of phosphate buffer, and 6 
units of enzyme (alumina Cy eluate) in a final volume of 0.85 ml, 
was incubated for 24 hours at 37°. 


Experiment No. Omission pH ger ety 
myumoles 
1 None 6.5 11 
2 None 7.3 10 « 
3 ATP 6.5 9 
4 PP; 6.5 0 
5 PP; 7.3 0 


system is not related to PRPP formation, since in the absence 
of added PRPP, N,MN synthesis did not occur. 

Equilibrium and Reversibility—Under the conditions of the 
standard assay, and within the limits of error, the reaction ap- 
peared to go to completion. Attempts to demonstrate reversi- 
bility of the reaction simply by adding increasing amounts of 
PP; to nicotinic acid-C“ mononucleotide in the presence of en- 
zyme were unsuccessful. Consequently, exchange data obtained 
by incubating nicotinic acid-C“ mononucleotide in the presence 
of PP; and a small pool of unlabeled nicotinic acid provide the 
only evidence for reversibility (Table III). Such data do not 
permit assessment of the equilibrium position. However, K, 
for Reaction 1 as written, must be greater than 100, since smaller 
values would have permitted accumulation of detectable amounts 
of nicotinic acid-7-C™ in the absence of a trapping pool of un- 
labeled nicotinic acid. The equilibrium constant cannot be 
estimated from known thermodynamic data, since the free energy 
of hydrolysis of the glycosyl-nicotinamide bond of DPN remains 
in doubt (19, 20), and the ribosyl-pyrophosphate bond of PRPP 
has not been adequately studied. Equilibrium constants re- 
ported for similar PRPP-specific reactions vary from 0.1 for 
orotidylic acid pyrophosphorylase (21) and 10 for the amino- 
imidazole carboxamide ribotide system (22), to considerably 
larger values for most of the other reactions of this type (23, 24). 
The basis for these marked differences among the equilibrium 
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positions of these reactions is unclear. They may be correlated, 
however, with the influence of nucleotide formation on the 
resonance of the parent heterocyclic ring. Thus, formation of 
the nucleotide virtually eliminates resonance in the orotic acid 
nucleus, would have somewhat less influence on the aromaticity 
of aminoimidazole carboxamide, but would have relatively little 
influence on the resonance of the adenine, hypoxanthine, or 
nicotinic acid moiety of the corresponding nucleotides. 

Kinetic Properties—The Michaelis constants for the com- 
ponents of the reaction were investigated in the usual manner 
(25). K, for PRPP is approximately 5 xX 10-5 m (Fig. 5), 
whereas K,,, for nicotinic acid is approximately 1 < 10-* m (Fig. 
6). Particularly noteworthy is the observation that N,MN, a 
product of the reaction, serves as a competitive inhibitor against 
both PRPP and nicotinic acid with values of K; of 3.5 « 10-5 
M and 4 X 10-5 M, respectively. At concentrations up to 0.01 
M, nicotinic acid did not inhibit the enzyme. Nicotinamide, in 
100-fold excess over nicotinic acid-7-C™, did not reduce the rate 


2 4 6 8 14 


x 10° 
Fia. 5. Influence of NzMN on the synthesis of NzMN at vary- 
ing concentrations of PRPP. Reaction conditions were those 
described for the standard assay, except for the addition of N,MN 


where noted, the variations in PRPP concentration, a final volume 
of 1.0 ml, and a 4-hour incubation period. 
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1200+ = 
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+ 900+ 
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Fig. 6. Influence of NzMN on the synthesis of N,sMN at vary- 
ing concentrations of nicotinic acid (NA). Reaction conditions 
were those described for the standard assay, except for the addi- 
tion of NsMN where noted, the variations in nicotinic acid con- 
centration, a final volume of 1.0 ml, and « 30-minute incubation 
period. 
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of formation of nicotinic acid-C“ mononucleotide, nor did it 


result in the formation of nicotinamide mononucleotide. 


DISCUSSION 


The isolation of nicotinic acid mononucleotide pyrophosphory]l- 
ase from beef liver adds further support to the concept advanced 
by Preiss and Handler (3, 4) that DPN biosynthesis occurs via 
nicotinic acid nucleotide intermediates. The K,, of 1 x 10-6 
m for nicotinic acid for this enzyme renders this a physiologically 
feasible reaction in contrast to the K,, of 0.1 m for nicotinamide 
previously observed in studies of NMN synthesis by erythrocyte 
NMN pyrophosphorylase (24). 

Differential centrifugation studies were performed with beef 
liver according to the procedure of Schneider and Hogeboom 
(26), to ascertain the distribution of the enzyme. Standard 
assay conditions were used with nuclear, mitochondrial, and 
microsomal fractions, each of which corresponded to the equiva- 
lent of 40 mg of whole liver, whereas whole homogenate and 
“supernatant fraction’? were the equivalent of 16 mg of liver. 
No activity was observed with the nuclear, mitochondrial, or 
microsomal fractions, whereas supernatant fraction catalyzed 
the synthesis of 0.2 umole of NaMN per g of liver per hour. 
Particularly noteworthy is the fact that only a trace of nicotinic 
acid mononucleotide pyrophosphorylase activity was detected 
in whole homogenates. This appears to reflect highly active 
systems which compete for PRPP and ATP, as well as the pres- 
ence of unidentified inhibitory materials. These are largely 
removed at Step 3 of the purification procedure which results 
in an apparent four-fold increase in total activity. The nicotinic 
acid mononucleotide pyrophosphorylase activity in the super- 
natant fraction was sufficient to synthesize approximately 5 
mmoles of nicotinic acid mononucleotide per kg of liver per 
day. Although reliable data concerning DPN turnover in liver 
are not available, this capacity for hepatic DPN synthesis is 
far in excess of the minimal turnover that might be predicted 
from simple nutritional considerations. 

It is interesting to note that N,AD pyrophosphorylase activity 
(Reaction 2) is associated with the nuclear fraction, whereas 
DPN synthetase activity (Reaction 3) is found in the super- 
natant fraction of rat liver (4). Thus, it appears that hepatic 
DPN synthesis is initiated in the cell cytoplasm with the forma- 
tion of nicotinic acid mononucleotide. The mononucleotide 
thus formed is then converted, by the nuclear N,AD pyrophos- 
phorylase, into N,AD which, in turn, undergoes amidation by 
the cytoplasmic DPN synthetase, yielding DPN. The activity 
of N.MN pyrophosphorylase in liver is significantly lower than 
that of NzAD pyrophosphorylase and DPN synthetase, in keep- 
ing with the fact that both N,AD and DPN are readily demon- 
strated in liver, whereas N,MN cannot be detected in significant 
amounts. Thus N,MN pyrophosphorylase activity would ap- 
pear to limit the rate of hepatic DPN synthesis when the supply 
of nicotinic acid is abundant. 

The exact mechanism of action of nicotinic acid mononucleo- 
tide pyrophosphorylase is unclear. However, a single displace- 
ment type mechanism is implicated, since the pyrophosphate 
moiety of PRPP is of the a configuration (27, 28), whereas the 
ribosyl-nicotinamide bond of DPN is of the 6 configuration (29). 
These facts, together with the observation that the exchange of 
free nicotinic acid with the nicotinic acid of N.MN is completely 
PP;-dependent, appear to eliminate the possibility of a 5-phos- 
phoribosyl-enzyme complex as a reaction intermediate. Further, 
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Fic. 7. A proposed mechanism for nicotinic acid mononucleo- 
tide pyrophosphorylase. 


since an enzyme-PP; or enzyme-nicotinic acid complex seem 
improbable, it appears that the reactants must be seated simul- 
taneously on the enzyme surface where reaction occurs via a 
single displacement mechanism (Fig. 7). 

The fact that N.MN serves as a competitive inhibitor both 
against nicotinic acid and against PRPP indicates that N,sMN 
may completely occupy the sites required for binding both nico- 
tinic acid and PRPP, thus suggesting that the enzyme may not 
possess a site for binding the PP; moiety of PRPP. This con- 
cept may be supported by the slow rate of exchange, but is not 
strengthened by the failure of ribose 5-phosphate to inhibit 
formation of N.MN. Indeed, the slow exchange rate may 
reflect an extremely unfavorable equilibrium or an enzyme site 
which is specific for the species P,O;-*. Since PP;, in the pH 
range compatible with enzyme activity, exists predominantly 
as HP.O,- and H2P.07-, even at the highest PP; concentration 
tested, the concentration of P,07;-* would be insufficient to ob- 
serve net reversal of the reaction. This possibility is compatible 
with the fact that, within this pH range, the pyrophosphate 
moiety of PRPP is completely dissociated (30). Titration by 
the buffer acid of the P,O;-* formed in the forward reaction 
would, therefore, contribute to the apparent equilibrium position 
of the system. Similarly, the apparent equilibrium must be 
influenced by the formation of a stable Mg-PP; complex. Such 
considerations might account in part for the marked contrast 
between the apparent equilibrium of this system and that ob- 
served with orotidylic acid pyrophosphorylase (K = 0.1) (21) 
were the reactive species of pyrophosphate, in the latter instance, 
HP.O;-* or H2P.07-*. In any case, until the specific roles of 
magnesium, phosphate, and ATP in this system have been eluci- 
dated, the precise mechanism of the enzymatic catalysis must 
remain unclear. 


SUMMARY 


An enzyme which catalyzes the synthesis of nicotinic acid 
mononucleotide from nicotinic acid and 5-phosphoribosy]-1- 
pyrophosphate was purified approximately 270-fold from an 
extract of beef liver acetone powder. The enzyme is present 
in the supernatant fraction of beef liver homogenates. Maximal 
activity is observed in the presence of orthophosphate plus equi- 
molar amounts of Mg++ and adenosine triphosphate. Nicotinic 
acid mononucleotide inhibits competitively with respect both 
to nicotinic acid and 5-phosphoribosyl-l-pyrophosphate. The 
physiological role of this enzyme and the mechanism of the reac- 
tion are discussed. 
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In a previous paper (1) we reported the stimulatory effect of 
thyroxine on the activity of several enzymes and, in particular, 
carbamy! phosphate synthetase in tadpole liver. We also re- 
corded the preliminary observation that thiouracil partially in- 
hibits this effect of thyroxine on the synthesis of carbamy] phos- 
phate synthetase, and we suggested that the mechanism of this 
action of thyroxine might be elucidated by the use of agents such 
as thiouracil. 

Thiouracil and its derivatives have been known to inhibit the 
biosynthesis of thyroxine in the thyroid gland (2-4). However, 
it has been shown that thiouracil also inhibits the action of in- 
jected thyroxine in the thyroidectomized animal (5). Because 
of the apparent specific effect of thyroxine in the induction of a 
synthesis de novo of carbamy]! phosphate synthetase, and the in- 
hibition of this effect by thiouracil, we suggested that thiouracil 
may possibly block the action of thyroxine by being incorporated 
into ribonucleic acid or its precursor(s) (6). 

In the present paper, the effect of thiouracil, a series of related 
compounds, and some purine derivatives on the stimulation by 
thyroxine of the synthesis of carbamy! phosphate synthetase in 
tadpole liver is presented. The demonstration that both 2-C'- 
and S**-labeled thiouracil were incorporated into ribonucleic acid 
and that uracil partially overcame the inhibition by thiouracil 
supports the view that thiouracil exerts its action on the hormone 
as the result of the synthesis of a faulty ribonucleic acid molecule. 
Finally, some considerations concerning the possible relationship 
existing between the action of thiouracil and the mechanism of 
thyroxine on the stimulation of protein synthesis de novo are 
presented. 


EXPERIMENTAL PROCEDURE 


Methods 


Tadpoles, Rana catesbeiana, were treated in thyroxine solution 
under the conditions described previously (1). Carbamy] phos- 
phate synthetase was assayed by the procedure previously de- 
scribed (7, 8). The specific activity is defined as uM citrulline 
formed per hour per mg of protein under the assay conditions. 
Protein was measured by the method of Lowry et al. (9). 

Thiouracil was dissolved directly in a thyroxine solution of 
2.6 X 10-* M at the final concentration of 0.05% (3.5 * 10-3 Mm) 


* This study was supported in part by grants from the National 
Cancer Institute, National Institutes of Health, United States 
Public Health Service (No. C-3571), and the Wisconsin Alumni 
Research Foundation. 


and the solution was changed every 2 or 3 days. The remaining 
compounds tested were also dissolved in 2.6 & 10-* m thyroxine 
solution at the concentrations described in Table I. The deriva- 
tives of pyrimidine were purchased from Nutritional Biochemi- 
cals Corporation, and the derivatives of purine were a generous 
gift from Dr. H. Gillespie, Department of Biochemistry, College 
of Physicians and Surgeons, Columbia University. p-Fluoro- 
phenylalanine and a-amino-8-chlorobutyric acid were generously 
provided by Dr. M. Rabinovitz, National Cancer Institute, 
Bethesda, Maryland. 

Measurement of Thiouracil-2-C' and Thiouracil-S** Incorpora- 
tion into RNA of Liver—Thiouracil-2-C™%, 2.28 me per mmole, 
and thiouracil-S**, 11.2 me per mmole, were purchased from the 
New England Nuclear Corporation. They were dissolved in 0.15 
M KCl with the aid of 1 N NaOH at the concentrations of 3.33 x 
10° c.p.m. per 0.03 ml in the case of thiouracil-2-C™ and 1.33 xX 
10’ c.p.m. per 0.03 ml in the case of thiouracil-S**, An aliquot 
of 0.030 + 0.0001 ml of the radioactive thiouracil solutions was 
injected intraperitoneally by means of a microsyringe. The tad- 
poles thus treated were kept at room temperature for 24 hours 
in water or thyroxine solution, depending on the experimental 
conditions. After the incubation period, the livers were excised 
and RNA was prepared according to the method described by 
Hokin and Hokin (10). With this procedure, it was found very 
important to neutralize the pH of the suspension before extract- 
ing nucleic acids with 10% NaCl. The hydrolyzed RNA nu- 
cleotides were separated by column chromatography (Dowex 
1-formate column, 1 X 10 cm) according to the method described 
by Hurlbert et al. (11). Elution was effected by means of a 
gradient formed by the addition of 4 N formic acid to a mixing 
vessel containing 290 ml of H.O. Fractions of 3 ml were col- 
lected. 


RESULTS 


Effect of Various Compounds on Synthesis of Carbamyl Phos- 
phate Synthetase Induced by Thyroxine—Table I lists the effects 
of several pyrimidine and purine derivatives and other com- 
pounds on the thyroxine-stimulated synthesis of carbamy! phos- 
phate synthetase. Among the derivatives of pyrimidine tested, 
2-thiouracil, 2,6-dithiouracil, 2,4-dithiouracil, and 2,4-dihy- 
droxyuracil inhibited the stimulation by thyroxine. No inhibi- 
tion was observed with 5-fluoroorotic acid, 2-thio-6-aminouracil, 
2-amino-4,6-dihydroxyuracil, and sulfaminouracil. Therefore, 
the following structural requirement for the inhibition appears to 
hold. (a) When C-2 is in the form of C=S, then C-4 or C-6 of 


531 


AN, 
iol. 
vol. 
iol. 
658 

AND | 
ACK 


TABLE 


Effect of various compounds on synthesis of carbamyl 
phosphate synthetase induced by thyroxine 

Compounds to be tested were dissolved in thyroxine solution 
(2.6 X 10-8 m) at the concentration described and the livers from 
two to three tadpoles were pooled for a single determination. 
Specific activities of carbamyl phosphate synthetase after 12 
days of exposure of tadpoles to thyroxine plus compounds listed 
are recorded. The increase of enzymatic activity is still on the 
linear part of the curve at this time (1). 


| Specific my of 
Agents added to thyroxine solution Final concentration 
| ays of treatment 
M 
3.5 X 1073 6.0 
............... 8.7 X 10-4 4.5 
6.9 X 8.1 
2,4-Dihydroxypyrimidine....... 3.9 X 107% 4.0 
2-Thio-6-aminouracil........... 3.9 11.8 
2-Amino-4,6-dihydroxypyrimi- | 
Sulfaminouracil................ 2.8 X 1073 10.8 
5-Fluoroorotic acid. ............ 10-4 10.9 
5-Nitrobenzotriazole............ 1.5% 1074 3.2 
6-Chloro-4-nitrobenzotriazole... 5.0 X 1075 2.1 
p-Fluorophenylalanine.......... 1.0 X 10-4 11.5 
a-Amino-8-chlorobutyric acid... 1.0 107% 11.5 
IL 1.0 10-4 11.7 
11.6 
Chloramphenicol............... 1074 8.5 


the pyrimidine ring must be in the form of C=O or C=§; (0) 
when C-2 is in the form of C=O, then C-4 of the ring must be 
in the form of C=S. Furthermore, it is to be noted that the 
relative effectiveness of these compounds is generally of the same 
order of magnitude. Two purine analogues, 5-nitrobenzotriazole 
and 6-chloro-4-nitrobenzotriazole, were somewhat more effective 
at the lower concentration than were the derivatives of pyrimi- 
dine. These compounds have also been reported to delay the 
rate of amphibian development (12). 

Difference between Effects of Thiouracil and Thiourea—A com- 
parison between thiouracil and thiourea was of particular interest 
in a consideration of the mechanism of the action of thiouracil, 
since in general these compounds have been considered to have 
the same physiological effect. For example, Steinmetz (2) had 
demonstrated that they were both effective at the same concen- 
tration in inhibiting the morphological changes induced by thy- 
roxine in the tadpole. 

The effect of thiouracil at a final concentration of 3.5 « 10-3 m 
on the thyroxine-induced synthesis of carbamy] phosphate syn- 
thetase is illustrated in Fig. 1 and the effect of thiourea at two dif- 
ferent concentrations, 3.9 10-*m and 6.6 10-* M, is illustrated 
in Fig. 2. Although these compounds have the thiourea struc- 


ture in common and both show an apparent inhibition of enzyme 
synthesis at the later stage of induction, the mode of action of 
the two compounds seems to be quite different. Thus, thiouracil 
delays the initiation of the increase in enzyme synthesis and slows 
down the rate of increase throughout the period of synthesis 
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whereas the effect of thiourea becomes apparent only at the later 
stage of induction. The same results were obtained in two sepa- 
rate experiments and were remarkably reproducible. Further- 
more, the study of leucine-C™ incorporation into carbamyl] phos- 
phate synthetase clearly substantiated the idea that thiouracil 
affected the action of thyroxine at an early stage of enzyme 
synthesis (6). 

Partial Reversal of Effect of Thiouracil by Uractl—At the con- 
centration of 4.5 X 10-* M uracil partially reversed the inhibitory 
effect of thiouracil on the carbamy! phosphate synthetase in- 
duced by thyroxine (Fig. 3). Increased concentrations of uracil 
caused no further change. The relative ratio of these three com- 
pounds under the conditions used was thyroxine, 1:thiouracil, 
1.34 X 105:uracil, 1.73 10°. 

It can be seen also from Fig. 3 that uracil added to thyroxine 
and thiouracil seems to shorten the latent period preceding the 
initiation of enzyme synthesis. Since all attempts to demon- 
strate any direct combination or reaction of thiouracil with thy- 
roxine have been negative, the above result suggests that 
thiouracil acted as an inhibitor of thyroxine which is assumed to 
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Fig. 1. Effect of thiouracil on the synthesis of carbamyl phos- 
phate synthetase induced by thyroxine. Tadpoles were treated 
in 2.6 X 10-§ m thyroxine and 2.6 X 10-§ m thyroxine + 3.5 X 10° 
M thiouracil solutions and maintained at 21 to 23°. Each deter- 
mination represents a pooled liver sample from two or three 
tadpoles. 
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Fig. 2. Effect of thiourea on the synthesis of carbamyl phos- © 
phate synthetase induced by thyroxine. Experimental condi- | 


tions were the same as in legend of Fig. 1 except that thiourea was 
used in place of thiouracil. O O, thyroxine (2.6 X 10-* M); 


@—®@, thyroxine (2.6 m) + thiourea (3.9 X 10°? M); [| 


A— A thyroxine (2.6 X 10-8 m) + thiourea (6.6 X M). 
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Fia. 3. The reversal of the effect of thyroxine by uracil. O ©}, 
thyroxine (2.6 X 10-§ m); @——@, thyroxine (2.6 X 10°§ m) + 
thiouracil (3.5 X 10-3 mM); A——A, thyroxine (2.6 X mM) + 
thiouracil (3.5 X 10-? m) + uracil (4.5 K 10-3 m). Experimental 
conditions otherwise the same as in legend of Fig. 1. 


90 180 270 360 
3 ml C4N. FORMIC ACID) _ 
ELUENT 
Fig. 4. Thiouracil-2-C™ incorporation into RNA in the absence 
of thyroxine. For experimental conditions, see legend, Table IT. 
O——O, radioactivity incorporation; @——@, O.D. at 260 mz. 


have its effect on the metabolism of uracil (or as the nucleoside 
or nucleotide). | 

Thiouracil-2-C“ Incorporation into RNA of Tadpole Liver— 
Eight tadpoles were each treated by injection intraperitoneally 
with 0.03 ml of thiouracil-2-C™ solution and the livers were 
pooled. The detailed experimental conditions are given under 
“Methods.” 

As seen in Fig. 4, most of the radioactivity in the RNA was 
concentrated in the fractions containing CMP and UMP. One 
interpretation for the incorporation of thiouracil-2-C™ into the 
fraction of CMP is (a) that thiouracil is first incorporated to 
form the thio analogue of UMP; (6) that this analogue is con- 
verted to the thio analogue of UTP as follows: UMP = UDP 
= UTP; (c) that the UTP analogue undergoes amination to form 
the CTP analogue; and (d) that the analogue of CDP formed is 
then incorporated into RNA (13-16). 

The magnitude of the incorporation into both CMP and UMP 
fractions of RNA under the influence of thyroxine is shown in 
Table II. The relationship between the amount of radioactivity 
injected and the amount present in the liver, and the proportion 
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of radioactive thiouracil replacing uracil in the presence or ab- 
sence of thyroxine treatment are shown also in Table II. 

It is seen from the ratio of radioactivity in the acid-soluble 
fraction to radioactivity of injected thiouracil that thyroxine 
treatment for 6 days increases the proportion of the radioactivity 
in the acid-soluble fraction about 50%. 

In spite of the fact that a higher proportion of the radioactivity 
was found in the acid-soluble fraction, the amount incorporated 
into the two nucleotides was greatly reduced under the influence 
of thyroxine. Thus both the ratio of c.p.m. in RNA nucleotide 
to c.p.m. in acid-soluble components and the specific activity of 
the nucleotides isolated from the RNA are decreased about 10- 
fold by thyroxine. The same magnitude of decrease of incor- 
poration into RNA and also into ATP by thyroxine treatment 
was observed when adenine-8-C™ was used (17). 

The above results demonstrated that the carbon skeleton of 
the thiouracil ring was incorporated into RNA. However, the 
possibility existed that sulfur was removed metabolically from 
the thiouracil and that it was actually uracil which was incor- 
porated into the RNA. To test this possibility the following 
experiment was performed. 

Thiouracil-S** Incorporation into RNA of Tadpole Liver—The 
conditions under which the experiment was carried out were the 
same as in the case of thiouracil-2-C™“. As seen in Fig. 5, non- 
selective incorporation into the four nucleotides occurs with this 
compound. The widespread distribution of the numerous S*°- 
containing compounds into RNA in the tadpole is in contrast to 
the results obtained with viruses (18, 19) and bacteria (20). 
Nevertheless, it is clearly demonstrated that the largest amount 
of the radioactivity occurred in the UMP fraction, which, it 


TaBLeE II 
Thiouracil-2-C' incorporation into RNA 


The tadpoles treated with thyroxine were exposed to thyroxine 
foratotalof6days. Thiouracil-2-C" solution (2.66 107 ¢.p.m.) 
was injected into the thyroxine-treated group on the fifth day 
and into the control group (no thyroxine treatment) 24 hours be- 
fore the animals were killed. Each group consisted of eight tad- 
poles and the livers pooled for analyses. The RNA nucleotides 
were separated by column chromatography from an alkaline 
hydrolysate of RNA. The hydrolysate was placed on al X 10 
cm column of Dowex 1-formate and eluted with a gradient formed 
by adding 4 N formic acid to a mixing vessel containing 290 ml of 
H.O. Fractions of 3 ml were collected. The optical density was 
read at 260 mz in a Beckman model DU spectrophotometer with 
the help of an automatic transfer apparatus. After reading the 
optical density, 2 or 3 tubes were combined and an aliquot of 0.5 
ml was plated and counted. Incorporation was expressed as 
c.p.m./O.D.26omp- 


Ratio 

Nucleotide | Treatment OD’ of : Nucleo- 
fraction |in thyroxine| Acid- isolated | (Cid: |“ tide _| Nucleo- 

soluble | Nucleo- | fraction | fraction | Acid- tide 
tide Injected soluble | 
(xX 1078) | -D.20ma 
c.p.m. c.p.m./c.p.m. 

CMP None 1.742 | 1064.4, 9.264) 0.65 6.1 ; 114.9 
6 days | 2.547 | 130.8, 11.025) 0.95 0.5 11.8 
UMP None 1.742 | 1836.8) 18.039) 0.65 10.5 | 101.8 
6 days | 2.547 | 320.4 23.943) 0.95 1.2 13.4 
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90 180 270 
ml OF ELUENT 4N. 
FORMIC ACID 
Fic. 5. Thiouracil-S** incorporation into RNA in the absence 
of thyroxine. For experimental conditions, see legend, Table II. 
A single determination of radioactivity incorporation at the peak 
of GMP fraction was carried out. O——O, radioactivity in- 
corporation; @——®@, O.D. at 260 mz. 


SPECIF 


j 
4 8 l2 
DAYS IN THYROXINE (23°C) 

Fic. 6. Relationship between the time of addition of thiouracil 

and duration of thyroxine treatment.! Tadpoles were treated in 

2.6 X 10-8 mM thyroxine and at the time shown below thiouracil 

solution was added into thyroxine solution at the final concentra- 

tion of 3.5 X 10-3 mM. Each determination represents a pooled 

liver sample from two to three tadpoles. C——O, control (with- 

out thiouracil); @——®@, thiouracil added simultaneously with 

thyroxine; O——O, thiouracil added after 2 days of treatment; 

A——A, thiouracil added after 4 days of treatment; A——A, 

thiouracil added after 6 days of treatment; §§-——C, thiouracil 
added after 8 days of treatment. 


should be noted, is present in the smallest amount of all the 
nucleotides in tadpole RNA. 

Relationship between Time of Addition of Thiouracil and Dura- 
tion of Thyroxine Treatment—<As seen in Fig. 6, thiouracil is most 
effective in inhibiting the thyroxine-induced stimulation of the 
synthesis of carbamyl phosphate synthetase in tadpole liver 
when it is added during the latent period. Thus it can be seen 
from Fig. 6 that when thiouracil was added within 4 days after 
the initiation of thyroxine treatment, the inhibitory effect was 
greater than addition of thiouracil after this time. 


1M. Nazario and P. P. Cohen, unpublished data. 
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DISCUSSION 


Among the many types of antigoitrogenic agents, thiouracil 
and thiourea and related compounds have been reported to in- 
hibit the biosynthesis of thyroid hormone by an inhibition of 
the oxidation of iodide in the thyroid gland (3, 4). However, a 
different basis for thiouracil inhibition has been suggested also 
(5, 21). 

If thiouracil acted only by inhibiting the biosynthesis of thy- 
roxine, then the effect of added thyroxine in the intact animal 
should represent the effect of the sum of exogenous plus endoge- 
nous thyroxine and the effect of added thyroxine plus thiouracil 
should represent the effect of only exogenous thyroxine. The 
difference between these effects should represent the effect of 
endogenous thyroxine alone. However, as shown in the previous 
paper (1), unless thyroxine is added, the tadpole does not initiate 
the increase in the enzyme synthesis under the conditions used. 
This, then, indicates that thiouracil can act as an inhibitor not 
only of the synthesis of the thyroid hormone but also on the 
hormone after it is formed. This conclusion is supported by the 
finding that thiouracil has a more specific effect than thiourea in 
the system under investigation even though both are known to 
inhibit the synthesis of thyroxine. In order to have the same 
effect as thiouracil, the compound has to fulfill rigid structural 
requirements. Thus, 2-thio-6-aminouracil, which also has the 
same thiourea moiety as thiouracil, has no inhibitory effect on 
thyroxine. 

The experimental evidence is consistent with the interpretation 
that thiouracil and certain related compounds are incorporated 
into RNA in place of uracil and thus form RNA which is no 
longer able to participate in the synthesis of the functional en- 
zyme. This interpretation is supported by the demonstration 
that in virus (18, 19) and in bacteria (20) protein synthesis is 
inhibited by thiouracil, and that thiouracil-S** is incorporated 
into RNA in these organisms. | 
acid into polynucleotide has also recently been demonstrated | 
in the polynucleotide phosphorylase system (22). 


the author’s knowledge, the evidence reported in this paper ts 
the first demonstration of actual incorporation of thiouracil into — 


RNA in the animal organism. 


The question next arises as to whether the effect of thiouracil | 


on protein synthesis under the influence of thyroxine is specific | 
for a particular protein. Or, in other words, is thiouracil incor- } 
porated specifically into certain RNA molecules or indiscrimi- 
nately into all the molecules of RNA? It has been shown that 
although both ornithine transcarbamylase and carbamy! phos- 
phate synthetase increase simultaneously under the influence of | 
thyroxine, the synthesis of ornithine transcarbamylase is inhib- | 
ited by thiouracil at a later stage than is carbamy] phosphate _ 
synthetase.2. Although no practical method is as yet available © 
for fractionation of individual RNA molecules based on their — 
biochemical function, this observation suggests the individuality — 
of the RNA molecules which are responsible for the synthesis of _ 

The observation that thyroxine treatment increased the _ 
amount of radioactivity in the acid-soluble fraction when thio- | 
uracil-2-C was administered is of some interest. This effect _ 
may be caused by (a) an increased permeability of the liver, (5) | 


? This experiment was conducted in collaboration with Dr. N. | 
Akamatsu. 
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a decreased incorporation into nucleic acid, or (c) a decreased 
metabolism of thiouracil after it has reached the liver. Experi- 
ments are in progress in an attempt to decide among these possi- 
bilities. 

The inhibition by thyroxine of the incorporation of thiouracil- 
9-C4 into both CMP and UMP is unexplained. A similar in- 
hibitory effect by thyroxine on adenine-8-C" incorporation into 
AMP was observed also (17). 

The observation that thiouracil is most effective in inhibiting 
the thyroxine-induced stimulation of the synthesis of carbamy] 
phosphate synthetase in tadpole liver when it is added during 
the latent period suggests that thyroxine somehow is involved 
in the rearrangement of the RNA molecules during the early 
stage (before the initiation of the increased protein synthesis; 
i.e. the latent period) and that once the RNA molecules are 
arranged thiouracil is less effective in replacement of pyrimidines 
in the RNA molecule. 


SUMMARY 


Thiouracil and certain related compounds have been shown to 
inhibit the effect of thyroxine on carbamy] phosphate synthetase 
synthesis in the tadpole liver. Partial reversal of this effect by 
the addition of uracil and the demonstration of the incorporation 


of thiouracil-2-C" and -S** into ribonucleic acid suggests that the © 


mechanism of the thiouracil effect on thyroxine involves the for- 
mation of ‘“‘non-physiological’’ ribonucleic acid molecules. 

Some aspects of the mechanism of action of thyroxine are dis- 
cussed also in connection with the action of thiouracil. 
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me 
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wel 
Previous papers from this laboratory on the biochemical (1) and the assay conditions for carbamyl phosphate synthetase det 
changes occurring during the thyroxine-induced metamorphosis _ of the liver have been described previously (1, 15, 16). Protein As 
of tadpoles have been concerned primarily with the biosynthesis was determined by the method of Lowry et al. (17). the 
of carbamy] phosphate synthetase. The acceleration of the syn- Determination of Nucleotide Composition of RNA in Liver—Ap- I 
thesis of this enzyme in the presence of this hormone has been proximately 2 g of tadpole liver, representing from 7 to 10 tad- Fra 
shown to be relatively specific and to precede morphological poles, were pooled and homogenized in a Waring Blendor in a nine 
changes. It has been demonstrated also that the time of incor- volume of cold water equal to 6 times the weight of the liver. acid 
poration of thiouracil into liver ribonucleic acid coincided with The rest of the procedure was that of Davidson and Smellie (18) mea 
the time of its inhibition of the stimulatory effect of thyroxine with a slight modification. All operations were conducted at witl 
on the synthesis of carbamy] phosphate synthetase. Further, approximately 2°. in 4 
the time of addition of thiouracil during the period of thyroxine Cold trichloroacetic acid (20%) solution was added to the sent 
treatment was found to be important if maximal inhibition was above homogenate to give a final concentration of 10%. The gran 
to be obtained. These results suggested that the mechanism of precipitate was separated by centrifugation and then extracted (app 
the action of thyroxine might possibly be at the eves of nucleo- twice with 2 ml of 10% NaCl per g of liver at 100° for 1 hour. bega 
tides or related compounds (1-4). The pH was made neutral with 10% NaOH before the extraction. firme 
Since the classical observation of Brachet (5). on the passage The nucleic acids were precipitated from the combined extracts phos 
of nuclear RNA into the cytoplasm during active protein syn- with 2 volumes of 95% ethanol. The moist precipitate was Sit 
thesis, many efforts have been made to establish a correlation hydrolyzed in 0.5 ml of 0.3 N KOH per g of liver. After hydroly- radic 
between these two compounds. Although there is a general sis the digest was acidified to pH 1 to 2 with 0.15 n HCIO, at 0°. after 
agreement that RNA is involved in protein biosynthesis (6), The precipitate, containing DNA and potassium perchlorate, | hour 
there is some evidence which has been interpreted to be inconsist- was removed by centrifugation. The supernatant fluid contain- cerne 
ent with this relationship (7, 8). Furthermore, recent studies ing the ribonucleotides was brought to a neutral pH with 0.3n | 
of nucleic acids and of protein biosynthesis have shown that there KOH... The individual nucleotides were then separated by col- 
are at least two biologically distinct RNA fractions, the RNA umn chromatography by the method of Hurlbert e¢ al. (19). Nu 
soluble in 0.05 m KCl or isotonic sucrose and the residual RNA A Dowex 1-formate column (1 X 10 cm) was charged with Thyr 
(9-11). According to the currently popular theory, the former the above solution and eluted with a gradient of 4 N formic acid ie a 
RNA acts as a mediator between activated amino acids and _ ata rate of 60 ml per hour. Fractions of 3 ml were collected. cated 
template RNA. Furthermore, it has been suggested that there The optical density of each fraction was measured at 260 mu. (29-9 
are soluble RNA molecules specific for particular amino acids. The four nucleotides appeared in the order CMP, AMP, GMP, poesit 
Also, the biological individuality of RNA in general has been and UMP. Since formic acid itself has a slight absorption at may | 
demonstrated (4, 12, 13). In view of these considerations and 260 mu, correction was made for this and the total optical density } Tal 
the fact that there is very little knowledge of the metabolism of was calculated. From the calculated value and the known val- tadpo 
nucleic acids and nucleotides during amphibian metamorphosis, __ues of the molar extinction coefficients of each nucleotide (20), It as 
it appeared worthwhile to investigate this aspect of tadpole the amount. of each of the four nucleotides was determined. In thoug 
metamorphosis. order to calculate the relative ratio, the concentration of the aes 
nucleotides was expressed on the basis of AMP as 10.0. A ce 
Method for Determining Phosphorus Compounds in Liver— | 
Tadpoles of the giant bull frog (Rana catesbeiana) weighing 3 Three groups of two tadpoles in each were used for the determina- high, | 
to 5g, in the premetamorphic stage (14) were purchased from tion of phosphorus compounds. The livers of the two tadpoles 4, a 
Carolina Biological Supply Company. The conditions under in each group were pooled and the three pooled samples were helie-s 
which the tadpoles were treated with thyroxine (2.6 X 10-*m) analyzed separately. After the livers were removed as quickly The 
* This study was supported in part by grants from the National hosphorus in the from o 
Cancer Institute, National Institutes of Health, United States soluble, phosp holipid, P hosph oprotein,” RNA, and DA a bacten 
Public Health Service (No. C-3571), and the Wisconsin Alumni tions were carried out according to the method of Schmidt an seen fr 
Research Foundation. Thannhauser (21). | ee 
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Assay Method for Incorporation of Adenine-8-C“ into RNA— 
Adenine-8-C* of specific activity 1.40 me per mmole (purchased 
from the New England Nuclear Corporation) was dissolved in 
normal saline with the aid of acid to give a solution containing 
7.8 X 105 ¢.p.m. per 0.03 ml. 

Tadpoles, controls or pretreated with thyroxine, were anesthe- 
tized in cold 5% ethanol for about 5 minutes and 0.030 + 0.0001 
ml of the adenine solution was injected intraperitoneally by 
means of a microsyringe. Each analytical value represents a 
pool of livers from five tadpoles. After 4 hours at room tempera- 
ture in water or thyroxine solution, depending on the pretreat- 
ment, the animals were killed and the ribonucleotides were 
prepared from the liver RNA according to the method described 
above. The four nucleotides were separated, 2 or 3 fractions 
were combined, aliquots were plated, and radioactivity was 
determined with a thin mica window Geiger-Miieller counter. 
As shown in Fig. 1, the specific activity (c.p.m./O.D.260 m,) of 
the AMP was constant over the range represented by the peak. 

Determination of Amount and Turnover of ATP in Acid-Soluble 
Fraction—Eight tadpoles were treated by injection with ade- 
nine-8-C4 as described above and, after varying intervals, the 
acid-soluble fraction was prepared, neutralized, and analyzed by 
means of column chromatography (19). The column was eluted 
with a gradient of 4 N formic acid and 0.2 M ammonium formate 
in 4.N formic acid successively. As seen in Fig. 2, the peak repre- 
senting ATP was the greatest of all the peaks of the chromato- 
gram. It should be noted also that ATP decreased rapidly 
(approximately 35%) before carbamyl phosphate synthetase 
began to increase. The identity of the ATP fraction was con- 
firmed by means of paper chromatography and determination of 
phosphorus content. 

Since there was a linear relationship between the amount of 
radioactivity incorporated into the ATP and the period of time 
after injection (unpublished data), the animals were kept for 2 
hours after being treated by injection in those experiments con- 
cerned with ATP turnover and amount. 


RESULTS 


Nucleotide Composition of RNA from Tadpole Liver during 
Thyroxine Treatment—In attempts to establish the structure and 
the metabolic role of RNA, many investigators have been inter- 
ested in its nucleotide composition under various conditions 
(22-24). Although there is some question as to whether it is 
possible to isolate native RNA, it is agreed generally that RNA 
may be species-specific, but not organ-specific (25). 

Table I presents the composition of RNA during treatment of 
tadpoles with thyroxine alone or with thyroxine plus thiouracil. 
It can be seen that the composition remained constant even 
though the amount of carbamy] phosphate synthetase increased 
about 12- to 15-fold in the animals treated with thyroxine (1). 
A similarity exists between this result and the findings with 
regenerating liver (23). In both cases the metabolic rates are 
high, but the composition is quite constant. This suggests that 
the composition of RNA does not necessarily reflect the meta- 
bolic state of the tissue. 

The composition of tadpole RNA is similar to that of RNA 
from other animal sources and, in contrast to that from yeast or 
bacteria, consists predominantly of GMP and CMP. It can be 
seen from Table I that thiouracil did not influence the composi- 
tion and that RNA fractions from the different parts of the body 
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Fic. 1. Chromatogram of alkaline hydrolysate of RNA from 
tadpole liver previously injected with adenine-8-C" in vivo. The 
peak of radioactivity and the AMP determined spectrophoto- 
metrically coincide. 
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Fic. 2. Chromatogram of the acid-soluble fraction of tadpole 
liver treated with thyroxine for 17 days. 


did not differ in their composition. The ratios of guanine to 
uracil and of adenine to cytosine in tadpole RNA are approxi- 
mately 1, which is in keeping with results of Elson and Chargaff 
(26). 

Metabolism of Various Phosphorus Compounds in Tadpole Liver 
during Thyroxine-induced Metamorphosis—One of the charac- 
teristic features of thyroxine-induced metamorphosis of the 
tadpole is that the ratio of the liver to the total body weight 
increases nearly 60% whereas the actual weight of the former 
is practically constant. Thus, the weight of the newly meta- 
morphosed froglet is less than the weight of the premetamor- 
phosed tadpole. While these changes progress, some particular 
proteins, in this instance carbamyl phosphate synthetase, are 
being synthesized at an accelerated rate. These relationships 
are illustrated in Table II. In addition to the observation 
mentioned, the view of the widely accepted association between 
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The concentrations of thyroxine and thiouracil were 2.6 X 10-§ m and 3.5 X 10-3 M, respectively. 


Nucleic Acid and Nucleotides in Tadpoles. 


TABLE I 
Nucleotide composition of RNA from tadpoles during thyroxine-induced metamorphosis 


Vol. 236, No. 2 


Body represents carcass after re- 


moval of the liver and tail. 


| Nucleotide isolated Ratio of bases 
Duration 
Source of RNA Treatment of i Reference 
| sup | cup | cup ume | | 
| : pyrimidine | 6-amino 
en ee 10 11.4 7.5 9.0 1.3 (27) 
| 10 18.3 18.9 8.5 1.04 (28) 
Tadpole | 
| 10 16.4 11.4 8.4 1.33 1.15 
Thyroxine 5 10 15.7 11.2 7.5 1.38 1.09 
OS PEEP Pe _ Thyroxine + thiouracil 5 10 16.6 12.3 6.2 1.43 1.02 
Thyroxine 12 10 16.1 12.1 6.9 1.37 1.04 
RS a eae eames | Thyroxine + thiouracil 12 10 16.6 11.3 6.6 1.49 1.10 
ee ee _ Thyroxine + thiouracil 15 10 16.2 12.1 7.8 1.32 1.09 
Thyroxine 15 10 17.2 12.4 7.6 1.36 1.10 
| Thyroxine + thiouracil 15 10 16.4 12.4 7.5 1.33 1.07 
| 10 15.8 11.9 6.6 1.40 1.03 
TaBLeE II 
Phosphorus compounds, carbamyl phosphate synthetase activity, and weight of liver in tadpoles treated with thyroxine 
Each value represents the mean of three determinations; livers of two tadpoles were pooled for each determination. 
| Thyroxine treatment 
Phecsheres traction Goeenie oa 0 Days | 3 Days | 5 Days | 7 Days | 10 Days 16 Days Adult Frog 
| | | | | 
| | | | | | 
* P * - P * Pp * P * P | * mS, * P 
DNA-P | DNA-P DNA-P | | DNA-P | | DNA-P DNA-P DNA-P 
| ME ug | ME | | ows ug Mg ug 
Acid-soluble............ 81.5 | 1.44 | 86.2 1.87) 58.9 1.19 | 67.5 | 76.8 | 1.57 | 68.2 | 1.34 | 113.0 | 1.62 
+ 3.7+ 0.19 + 0.26 + 2.44 0.05 + 4.04 0.21 + 6640.07 | + 6.14 0.10 
Phospholipid. .......... 59.29 1.04 | 57.1 | 1.18 | 60.0 | 1.21 | 47.0 | 1.00 | 51.6 | 1.05 | 60.7 | 1.18 | 48.2) 0.70 
+ 3.54 0.11 + 4.64 0.23 4 4.74 0.17 + 2.24 0.15 + 3.34 0.134 12.84 0.18 
‘‘Phosphoprotein’’...... 2.4 0.05 3.2 | 0.07 2.0 | 0.04 4.4 | 0.10 5.3 | 0.10 4.5 | 0.09 0.0 0.00 
+ 2.3+ 0.07 + 0.62 0.014 0.042 0.01) + 2.04 0.01 + 1.14 0.05 + 1.7+ 0.08 
24.7 0.44 31.5 | 0.66 | 22.0 0.44 | 20.7 0.45 27.6 | 0.57 | 31.4 0.61 | 27.0/ 0.39 
+5.5+ 0.05 +4.9+ 0.19 + 2.54 0.11 + 4.0+ 0.16 + 5.2+ 0.124 10.04 0.12 
56.7 48.6 50.0 | | 47.8 | | 49.0 51.0 69.6 
+ 5.7 + 5.1 6.9 + 5.0 + 4.4 
224.5 226.6 193.0 187.5 210.4 215.7 257.8 
4.2 6.8 + 6.2 4.8 + 11.5 +28.4 
| 
Liver weight (g)........ | 0.283 | 0.291 0.335 0.343 0.218 
Li eight | | 
eee X 100...../ 4.65 + 0.43 | 4.79 + 0.85 | 5.50 40.85 5.33 + 0.76 | 6.28 + 0.58 | 7.37 + 1.37 2.71 
Body weight | 
Carbamyl phosphate | | 
synthetase (specific — 
0.89 0.80 1.20 1.98 5.42 12.42 12.36 


* Per 100 mg of fresh tissue. 


nucleic acids and protein necessitated an examination of the 
metabolism of these nucleic acids and of other phosphorus-con- 


taining compounds. 


As seen in Table II, the content of DNA-P did not fluctuate 
significantly, which indicates that the number of the cells re- 
Another notable feature was the high level 
There were approximately 50 ug of DNA-P per 100 


mained constant. 


of DNA. 


mg of fresh liver tissue compared with a value of from 20 to 30 
ug per 100 mg of fresh tissue for mammalian liver (29). Since 
it appears that the DNA content represents the least variable 
parameter of a tissue (30), the analytical values of the com- 
pounds listed in the table are expressed both on the basis of 100. 
mg of fresh tissue and on the basis of DNA-P. 

The RNA-P content also remained constant within experi- 
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mental error. This observation is rather surprising in view of 
the fact that the amount of RNA is considered to increase in 
cell populations which are actively synthesizing protein. 

Although the amount of phospholipid-P, ‘‘phosphoprotein-P,”’ 
RNA-P, and DNA-P did not change to any appreciable extent, 
the total P dropped from 225 ug per 100 mg of fresh tissue to the 
range of about 190 wg. This drop in the total P content was 
followed by a gradual increase to the original value. This 
fuctuation was caused by, mainly, the change in the acid-solu- 
be-P content. The significance of the association between the 
change in acid-soluble-P, the increase in carbamyl phosphate 
ynthetase (or protein synthesis in general), and the role of thy- 
mxine is not apparent. Further experiments bearing on this 
relationship will be presented later in this paper. 

Effect of Thyroxine on Adenine-S-C™ Incorporation into RNA 
of Tadpole Liver—Since the nucleotide composition of RNA in 
tadpole liver during thyroxine treatment did not change, the 
incorporation of radioactivity into AMP can be used as a meas- 
ue of the turnover of RNA. It is seen from Table III that 
treatment with thyroxine caused a slight increase in the ratio, 
p.m. in the acid-soluble fraction to ¢.p.m. injected. A similar 
result was also observed when the incorporation of thiouracil-2- 
C4 into RNA was studied (4). Although the basis of this effect 
of thyroxine is not clear at present, it may be caused by the in- 
ceased permeability of the liver to the injected material or to 
a decreased metabolism of the compound under the influence of 
thyroxine. 

In spite of the fact that a greater proportion of the injected 
radioactivity was retained in the liver during treatment with 
thyroxine, there was a gradual decrease both in the ratio of 
counts in AMP to counts in the acid-soluble fraction and in the 
specific activity of AMP. In 9 days these values were about 
one-half those found in the premetamorphosed tadpole. On 
further treatment with thyroxine the values rose slightly. This 
decrease in incorporation of radioactivity into the liver RNA 
as a result of thyroxine treatment again was observed previously 
(4) with thiouracil-2-C'. When one considers that the turn- 
over of RNA generally parallels the metabolic state (increased 
turnover is observable in regenerating liver, hepatoma, fetal 
liver, intestinal mucosa, bone marrow, etc.), the above result is 
puzzling since there was a 12- to 15-fold increase in the amount 
of carbamyl phosphate synthetase during this period. 

Effect of Thyroxine. on Incorporation of Adenine-8-C™ into 
ATP—As mentioned earlier in this paper, of the phosphorus 
fractions in the liver only the acid-soluble-P could account for 
the changes occurring in the total P level observed during thy- 
roxine-induced metamorphosis. Furthermore, preliminary re- 
sults suggested that a part of this variation was a result of 
changes in the level of ATP. These results are shown in Table 
IV. It is seen from Table [V that the amount of ATP de- 
creased about 35% during the first 3 days of treatment with 
thyroxine and that thereafter the decrease was rather slow. 
Thus, the amount of ATP in the tadpole liver sharply decreased 
before the initiation of stimulated protein synthesis. This 
initial decrease coincided with the decrease of adenine-8-C" 
incorporation into ATP, suggesting that a decrease in the syn- 
thesis of ATP might be the cause for this initial change. On the 
fifth day the incorporation of radioactivity suddenly increased 
about 75% above the control level and then decreased slightly 
on further treatment with thyroxine. This sudden increase in 
turnover occurred immediately before, or simultaneously with, 
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TaBLeE III 
Effect of thyroxine on adenine-8-C'4 incorporation into 
RNA of tadpole liver 
A solution of adenine-8-C'* (7.8 & 10° ¢.p.m.) injected into each 
of five tadpoles previously exposed to thyroxine for the periods 
of time shown; the livers were pooled 4 hours later and analyzed. 


Adenine-8-C'4 | 


‘ incorporated Ratio 
T x- 
‘Total in AMP 
treat- |In acid- of Acid-soluble AMP total O.D 
fraction | injected fraction 
(X 105) | (X 1072) (X 10) 
days c.p.m. c.p.m./c.p.m. 
| 1.21 | 2444.2 16.896 3.01 2.02 144.7 
1 | 1.46 | 2950.2 19.827 3.74 2.02 148.8 
3 1.47 1909.2 19.674 3.77 1.30 97.0 
5 | 1.30 1229.4 13.813 3.58 0.95 89.0 
9 1.46 1326.0 | 15.195 3.79 0.91 87.2 
13 1.77 2485.8 | 24.882 4.55 1.40 99.9 
17 | 1.59 | 2058.6 19.515 4.07 1.30 105.5 
TaBLe IV 


Incorporation of adenine-8-C'4 into ATP 
A solution of adenine-8-C' (7.5 X 10° e.p.m.) was injected into 
each of eight tadpoles previously exposed to thyroxine for the 
periods of time shown; after 2 hours the livers were pooled and 
analyzed. 


Amount of ATP 
me | incorporation phosphate 
fresh tissue | | 
days | % | c.p.m./O.D. % % 
0 3.590 100.0 | 1082.7 | 100.0 100.0 
2 2.948 82.1 619.5 57.2 100.0 
3 2.378 66.2 483.3 44.7 100.0 
5 2.105 | 58.6 1903.5 175.8 150.0 
7 2.084 | 58.0 1537.4 142.0 247.5 
9 1.918 53.4 1326.1 122.5 533.8 


the increase in carbamyl phosphate synthetase activity, and 
may explain the leveling off of the amount of ATP at this stage 
of the thyroxine treatment. However, there was no correspond- 
ing increase in AMP, ADP, or uric acid to be found on the chro- 
matogram. This suggested that ATP was converted to a form 
which was not soluble in acid. The fate of ATP during this 
period is under investigation. 


DISCUSSION 


The finding that the content of DNA-P remained constant, 
even though thyroxine treatment stimulated the synthesis of 
some proteins in the tadpole liver, suggests a fundamental differ- 
ence between the stimulated protein synthesis occurring in this 
system and that which occurs in regenerating liver, hepatoma, 
fetal liver, or the bacterial systems (29). In these latter cases, 
the increase in protein was associated with an increase in cell 
number. The following observations, reported previously (1), 
indicate that the thyroxine-stimulated synthesis of some proteins 
in the tadpole liver takes place without cell multiplication at the 
expense of other proteins: (a) the stimulation of the synthesis 
of carbamyl phosphate synthetase could be induced by thy- 
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roxine in the absence of an external food supply; (6) ribonucle- 
ase and succinoxidase in the liver decreased; and (c) the weight 
of the newly metamorphosed froglet was less than the weight 
of the premetamorphosed tadpole. 

However, contrary to the present finding, Finamore and 
Frieden (31) reported that the content of DNA in the liver de- 
creased during the treatment of tadpoles with triiodothyronine. 
Although these investigations used a different species of tadpole 
and used triiodothyronine (at a relatively higher dose) rather 
than thyroxine, which factors might account ‘for their different 
results, the data as shown in the paper by these workers reveal 
a high scatter in the control values of DNA. The magnitude of 
the scattering is such as to raise the question as to the signifi- 
cance, in the absence of statistical treatment of the data, of the 
reported decrease in DNA. 

The question arises as to what is the metabolic state of RNA 
under such special conditions. The results presented in this 
paper established that the amount and the nucleotide composi- 
tion of the liver RNA did not change during thyroxine treat- 
ment. Constancy in the amount of RNA during active protein 
synthesis was also reported by Peabody and Hurwitz (8). 
These authors could not find any increase in RNA content in 
Escherichia coli during the substrate-induced galactosidase syn- 
thesis. On the other hand, thyroxine has been reported to in- 
crease the content of RNA in mouse liver (32). 

The lack of an increase in the amount of RNA during thy- 
roxine-induced protein synthesis is a finding not necessarily in 
conflict with the view that an association exists between RNA 
and protein biosynthesis. During thyroxine-induced (and 
possibly normal) metamorphosis, although a number of proteins 
are newly synthesized, the rest remain unchanged or decreased 
in amount. It is possible that, even though the total amount 
of RNA stays constant during this period, rearrangement occurs 
among the RNA molecules under the influence of thyroxine so 
that the amount of specific RNA responsible for synthesis of 
some specific proteins is actually increased. In addition, there 
is the possibility of redistribution of RNA molecules among the 
different cellular compartments and functional sites, even though 
the amount and nucleotide composition of RNA is constant. 
Further investigation to elucidate this aspect of the problem is 
in progress. 

The results from the study of the incorporation of adenine-8- 
C4 into RNA during thyroxine treatment again suggested the 
possibility mentioned above that the RNA molecules in the 
liver underwent some rearrangement or redistribution. That 
is, the possibility exists that the equilibrium existing between 
the RNA molecules was shifted in the direction of the synthesis 
of some particular RNA molecule, thus causing the over-all turn- 
over of RNA to be decreased under the influence of thyroxine. 
This decrease in the turnover of RNA suggests a means for in- 
vestigating the mechanism of thyroxine action because it occurs 
before the initiation of the stimulated synthesis of carbamy] 
phosphate synthetase. (There is a 4- to 5-day latent period 
before the enzyme begins to increase at the logarithmic rate.) 
The significance of the increase in RNA turnover with further 
treatment with thyroxine is not clear at the moment. 

Contrary to the present finding, Finamore and Frieden (31) 
recently reported an increased incorporation of P® into both 
protein and RNA during triiodothyronine-induced metamorpho- 
sis. But since it has been generally observed that the apparent 
turnover of nucleic acids with the use of P® may differ greatly 
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as compared with the use of a labeled purine as the precursor, 
this apparent discrepancy is perhaps not surprising. 

The changes in the rate of incorporation of adenine-8-C" into 
ATP and the changes in the amount of this compound during 
thyroxine-stimulated synthesis of carbamyl phosphate synthe. 
tase are apparently related to the mechanism of action of thy- 
roxine on the synthesis of this enzyme. 

It was pointed out above that the decrease in the amount of 
ATP during the latent period of thyroxine treatment might be 
caused by the decreased synthesis of this compound since the 
decrease in the amount paralleled the decrease in the turnover 
of this compound. This decrease in the turnover might result 
from the uncoupling of oxidative phosphorylation by thyroxine 
(33). However, the decrease in the incorporation of radioactive 
adenine-8-C' was reversed before or simultaneously with the 
initiation of the increase in carbamyl! phosphate synthetase ac. 
tivity. The amount incorporated reached a value 75% above 
the control before it decreased slightly with further treatment 
with thyroxine. Therefore, the leveling off of the amount of 
ATP after the fifth day of treatment may be caused by the high 
rate of synthesis of this compound. The factors responsible 
for the reversal of the rate of the incorporation of adenine into 
ATP and the steps in which ATP is utilized mainly for the syn- 
thesis of protein are not known. Chilson and Sacks (34) ob- 
served that hyperthyroidism in guinea pig did not cause any 
appreciable change in the content of ATP, ADP, and AMP in 
the liver. However, they noticed a decrease in the glycogen 
content. Sokoloff et al. (35) recently observed that the stimu- 


lation by thyroxine of the incorporation of leucine-C™ into mito- | 


chondria depended on the presence of a source of energy. 

The recent observation by Lee et al. (36) that thyroxine in- 
creased the activity of the electron-transport system by increas- 
ing the amount of particulate a-glycerophosphate dehydrogenase 
in rat liver and the observation by Klebanoff (37) that thyroxine 
and related compounds stimulated the oxidation of epinephrine 


and a number of other hydrogen donors by a peroxidase system _ 


are relevant to the findings reported here. However, the rela- 
tionship, if any, between these observations and the metabolism 
of ATP in thyroxine-induced metamorphosing tadpole liver is 
not clear. Further investigation along this line is in progress. 


SUMMARY 


The amount of liver deoxyribonucleic acid phosphorus 
DNA-P) and ribonucleic acid phosphorus (RNA-P) remained 
unchanged in thyroxine-treated tadpoles even though the syn- 
thesis of carbamyl phosphate synthetase increased 12- to 10- 
fold. The composition of the nucleotides of RNA was found 
to be constant during thyroxine treatment. These results and 
the decreased rate of incorporation of adenine-8-C™ into RNA 
suggest that thyroxine caused a rearrangement of RNA mole- 
cules. 

It was observed that the amount of adenosine triphosphate 
in the liver underwent a significant decrease in amount just be- 
fore or at the same time as carbamy] phosphate synthetase be- 
gan to increase. This result is discussed in connection with the 
mechanism of the action of thyroxine on the stimulation of syn- 
thesis of tadpole carbamy] phosphate synthetase. 
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The discovery of polynucleotide phosphorylase (1) provided 
the first enzyme system capable of the synthesis of ribonucleic 
acid-like polymers. This enzyme has been isolated from micro- 
organisms (1-3) and has been shown to catalyze the reversible 
condensation of various nucleoside diphosphates to high molecu- 
lar weight polymers with the elimination of orthophosphate. 

Several groups of investigators (4-12) have recently recog- 
nized the existence of distinct,enzymes that lead to the addition 
of one or a few nucleotide units to preexisting ribonucleic acid 
chains. These enzymes have been shown to utilize the nucleoside 
triphosphates rather than the nucleoside diphosphates as pre- 
cursors. They have also been shown to play an important role 
in the synthesis of amino acid acceptor ribonucleic acid (9). 
Since new phosphodiester linkages are formed, there exists the 
possibility that this type of ‘end group” addition may play a 
role in the synthesis of ribonucleic acid. The purpose of this 
communication is to report in detail the purification of an enzyme 
from calf thymus glands that catalyzes the addition of cytidine 
5’ monophosphate to the end of ribonucleic acid chains (13). 
The purified enzyme has been found to be specific for cytidine 
5’-triphosphate and to possess a limited synthetic capacity. 


EXPERIMENTAL PROCEDURE 


Materials and Methods—The P*®-labeled ribonucleotides were 
prepared by chemical and biological procedures (14). These 
materials were converted to the nucleoside triphosphates by 
enzymatic procedures. Cytidine-P*-P was prepared from 
cytidine-P*-P-P by the combined action of nucleoside diphos- 
phokinase (15, 16) and hexokinase.'. The product was purified 
by chromatography on Dowex 1-Cl- and eluted with a solution 
containing 0.01 Mm HCl and 0.01 m LiCl. 

Cytidine-P-P*-P was synthesized as follows: 


polynucleotide 


cytidine-P-P + Pi* phosphorylase > eytidine-P-P* (1) 
cytidian P-P* + ATP 2) 


eytidine-P-P*-P + ADP. 


* This work was supported by a grant from the United States 
Public Health Service. 

t Senior Postdoctoral Fellow of the National Institutes of 
Health. 

t Postdoctoral Fellow of the Dazian Foundation for Medical 
Research. Present address, Department of Physiology, Albert 
Einstein College of Medicine, Yeshiva University, New York, 
New York. 

1 Hexokinase obtained from the Sigma Chemical Company was 
used here. This preparation was contaminated with nucleoside 
diphosphokinase and addition of the kinase is not necessary. 
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The reaction mixture, contained in 3 ml: 14 wmoles of CDP, | 
500 umoles of glycylglycine buffer, pH 7.5, 1 umole of orthophos. © 


phate containing 6 X 10° c.p.m., 10 uwmoles of MgCle, and 0.05 


ml of the ethanol fraction of polynucleotide phosphorylase | 


prepared from F'scherichia coli (2). ‘This mixture was incubated 
for 3 hours at 38°. At the end of this time, approximately half 


of the added radioactivity was adsorbable to Norit, as tested | 
with 0.005 ml aliquots. The reaction mixture was diluted 10. | 
fold with water and chromatographed on Dowex 1-Cl- (15 {| 


cm? X 5 cm) with 0.01 M HCl and 0.01 m LiCl as eluant. CDP 


was precipitated as the barium salt with 2 volumes of ethanol, } 
The barium salt was converted to the lithium salt by passage } 
Approximately 6 ymoles | 
of CDP were recovered containing 3 xX 107 c.p.m. per umole, 


through a column of Dowex 50-Li*. 


The label was shown to be exclusively in the terminal phosphate 
group by hydrolysis of an aliquot in 1 N HCI at 100° for 7 min- 
utes, after which no radioactivity was adsorbed to Norit. The 


product (6 wmoles) was quantitatively converted to CTP by | 
incubation with: glycylglycine buffer, pH 7.5, 100 umoles; — 
MgCl, 10 umoles; mercaptoethanol, 1 umole; acetyl phosphate, 
200 umoles; ADP, 0.4 umole; and 5 units of acetokinase (17) ina — 


total volume of 10 ml at 38° for 60 minutes. This reaction mix- 


ture was then chromatographed on Dowex 1-Cl~ (1.5 em? x § | 


cm) and 5.8 umoles of labeled CTP were obtained. 
Radioactive pyrophosphate was prepared as_ described by 
Berg (18). 


N with HCl and heated at 100° for 60 minutes before treatment. 


Preparation of Thymus RN.A—The purification procedure | 
developed for the isolation of RNA was based on the ability of | 
the RNA to act as an acceptor for CMP. The details of this | 
Calf thymus gland, 1 kg, was homog- 
enized in a Waring Blendor for 45 seconds with 2 liters of 6.05 | 
M potassium phosphate buffer, pH 7.0. The mixture was cen- — 
Sodium dodecyl 


preparation are as follows. 


trifuged at 12,800 x g at 0° for 20 minutes. 
sulfate solution, 1 liter, (19) was added to the supernatant solu- 
tion and after 15 minutes at 0°, the mixture was centrifuged. 
The supernatant solution was treated with 2 g of potassium 
acetate per 100 ml and 2 volumes of cold 95% ethanol. After 
30 minutes at 0°, the material was centrifuged and the precipitate 


dried in a vacuum. The residue was resuspended in 600 ml of | 


The supernatant solu- 
To the 


2% potassium acetate and centrifuged. 
tion was dialyzed overnight against 10 liters of water. 


RNA solution, which contained 1.1 mm orcinol-reactive material, 
were added potassium acetate to 2% and 2 volumes of ethanol. 
This solution 


The precipitate was dissolved in 100 ml of water. 


Oak Ridge P® was found to contain large amounts | 
of polyphosphates (as measured chromatographically), and poor | 
yields of pyrophosphate were obtained unless the P® preparation } 
was first hydrolyzed. To avoid this difficulty, it was made 0.5 | 
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contained 4.5 mM orcinol-reactive material (20) and accepted 
approximately 10 mumoles of CMP per ml when assayed under 
conditions employing an excess of enzyme. 

The RNA solution was further purified by extraction with 
phenol (21). To the above solution an equal volume of water 
was added followed by 0.5 volume of 90% phenol (freshly dis- 
tilled). The mixture was vigorously shaken, kept 15 minutes 
at 0°, and centrifuged. The aqueous phase was removed and 
the phenol layer washed once with 100 ml of water. The aqueous 
phases were combined and extracted 6 times with an equal vol- 
ume of ether. The aqueous phase was adjusted to 2% with 
solid potassium acetate and 2 volumes of ethanol were added. 
After centrifugation, the precipitate was dissolved in 50 ml of 
water. This fraction contained 8.4 mM orcinol-reacting material 
and accepted approximately 37 mumoles of CMP per ml. There 
was no detectable diphenylamine-reacting material (22) in the 
final preparation. This RNA preparation was stable over a 
]-year period as measured by its ability to act as an acceptor in 
the system described below. 

Liver RNA was prepared as described for the thymus RNA. 
E. coli RNA was prepared as described by Crestfield et al.(19). 
Polymers consisting of only adenylate and cytidylate and the 
AGUC copolymer were gifts from Dr. S. Ochoa. Amino acid 
acceptor RNA from E. colt, liver, and Azotobacter vinelandii were 
gifts of Drs. P. Berg, G. Acs, and P. Ortiz, respectively. 

Thymus DNA was prepared as described by Kay et al. (23). 
The final preparation was dissolved in 0.1 M NaCl solution and 
stored as such at concentration of 1 to 5 mg per ml. 

Assay of RN A-CM P-Pyrophosphorylase—The reaction mixture 
(0.5 ml) contained 30 mumoles of CTP (cytidine-P*-P-P), 4 
umoles of MgCle, 15 umoles of Tris buffer, pH 8.0, 0.30 umole of 
RNA as assayed in the orcinol reaction and an appropriate 
enzyme concentration. The reaction mixture was incubated at 
38° for 20 minutes after which 0.05 ml of 10% trichloracetic acid 
was added. The precipitate was collected by centrifugation and 
resuspended by homogenization with 3 ml of 1% trichloroacetic 
acid. The solution was centrifuged and the process repeated 
three times. The final precipitate was dissolved in 1 ml of 0.1 
m NH,OH and the solution dried on metal planchets and its 
radioactivity content measured. Incubation mixtures contain- 
ing boiled enzyme or, in the case of more purified fractions, 
lacking RNA or MgCl, served as control tubes. Control values 
were usually between 1 to 5% of the experimental values. A 
unit of enzyme was defined as the amount causing the incorpora- 
tion of 1 mumole of labeled ribonucleotide into an acid-insoluble 
form after 20 minutes at 38°. The specific activity was ex- 
pressed as units per milligram of protein (24). 

The reaction was found to be directly proportional to the 
enzyme concentration. Incubation with 5, 10, 25, and 50 ug of 
protein resulted in the incorporation of 0.18, 0.39, 0.87, and 1.50 
mumoles of ribonucleotide, respectively, into the acid-insoluble 
form. The reaction was linear with time for at least 20 minutes. 
Thus, with 25 wg of protein (ammonium sulfate fraction I, see 
below) 0.32, 0.70, and 1.03 mumoles of cytidine-P*-P-P were 
incorporated into an acid-insoluble form in 5, 10, and 20 minutes, 
respectively. Under the conditions used above, the maximal 
incorporation was approximately 2 mumoles. This limit was 
found to be due to complete saturation of the added RNA and 
is discussed below. 

Purification of RNA-CTP-Pyrophosphorylase—Calf thymus 
glands were placed in ice immediately after their removal from 
the animal. They were homogenized at room temperature in a 
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TABLE I 
Purification of RNA-CTP pyrophosphorylase 
Fraction Total* 
| 
Ammonium sulfate Fraction I.............. 8,400 7.0 
DEAE 5,100 78.0 
Ammonium sulfate Fraction IIf............ 4,000 96.0 


* See text for definition of units. 

+t These steps were carried out with a portion of the ammonium 
sulfate Fraction I and the results are corrected to the entire frac- 
tion. 


Waring Blendor for 2 minutes with 3 volumes of acetone previ- 
ously cooled to —10°. The suspension was filtered rapidly with 
suction and the precipitate resuspended in 3 volumes of cold 
acetone and homogenized for 30 seconds. After filtration, the 
procedure was repeated once more and the final residue was 
dried at room temperature for 2 hours. The acetone powder 
was stored at —20°. No detectable decrease in the activity of 
extracts prepared from these preparations has been observed 
over a l-year period. 7 

Preparation of Crude Extract—Acetone powder, 100 g, was 
extracted with 1 liter of 0.1 m potassium phosphate buffer, pH 
7.0, in a Waring Blendor for 2 minutes at 2°. The mixture was 
centrifuged for 15 minutes at 15,000 x g at 0° (crude extract, 
730 ml, Table I). 

Acetone Fraction—To the crude extract, 596 ml of acetone 
(cooled to —30°) were added rapidly and the mixture immedi- 
ately centrifuged for 15 minutes at 10,000 x g. The centrifuge 
bottles were then placed in a desiccator and evacuated for 20 
minutes, to remove traces of acetone. The acetone precipitate 
was suspended in 150 ml of water and the mixture centrifuged 
for 30 minutes in the Spinco preparative ultracentrifuge at 40,000 
X g; 156 ml of clear yellowish supernatant were obtained (acetone 
fraction). 

Ammonium Sulfate Fraction I—Acetone fraction, 155 ml, was 
diluted to 775 ml with water and brought to 60% saturation 
with ammonium sulfate (280 g of solid ammonium sulfate were 
added). After 15 minutes, the precipitate was removed by 
centrifugation. The supernatant solution, 830 ml, was adjusted 
to 75% with 78.9 g of solid ammonium sulfate, and the precipi- 
tate was collected and dissolved in water (ammonium sulfate 
Fraction I, 38 ml). 

DEAE-Cellulose Fraction—A 4-ml portion of the ammonium 


sulfate Fraction I was dialyzed overnight against 3 liters of 


potassium phosphate buffer, 5mm, pH 7.0. The solution was 
diluted to 12 ml with water and passed through a DEAE-cellu- 
lose column (25), 11 cm X 2.5 cm*. The column was washed 
successively with 25 ml of water, 50 ml of 0.05 m Tris buffer, pH 
8.0, and finally with 50 ml of 0.2 m Tris buffer, pH 8.0. The 
last fraction was collected in two 25 ml portions. Approxi- 
mately 80% of the total activity was recovered in the first 25 
ml fraction of the 0.2 m Tris eluate. The enzyme activity in 
this preparation was stable, although the protein concentration 
was approximately 0.2 mg per ml. 

Ammonium Sulfate Fraction II—The Tris buffer eluate was 
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dialyzed against 5 mm potassium phosphate buffer, pH 7.0, 
and then fractionated with ammonium sulfate. The solution 
was adjusted to 60% saturation with solid ammonium sulfate 
(36.1 g/100 ml) and centrifuged at 30,000 x g in the Spinco 


TABLE IIT 
Requirements for CMP Incorporation into RNA 
The complete system (0.5 ml) contained: 30 myumoles of cy- 
tidine-P*-P-P (10° c.p.m. per umole), 0.4 umole of orcinol-reacting 
material as RNA, 4 umoles of MgCle, 15 wmoles of Tris buffer, 
pH 8.0, and 6 wg of ammonium sulfate Fraction II. Where in- 
dicated, 50 mumoles of ATP, GTP, or UTP, or 50 ug of DNA were 
added. The reaction was terminated after 20 minutes. The 
nucleases were added and no preincubation period was carried out. 


Additions CMP incorporated 

mymoles 
2 Complete system + DNA..................... 0.58 
4° RNA replaced by DNA....................... <0.01 
5° Complete system + ATP + UTP + GTP..... 0.56 
6° Complete system + 25 wg of RNase........... <0.01 
7° Complete system + 25 wg of DNase........... 0.58 
8. Complete system + 15 mum dCTP............ 0.59 
9. Complete system + 30 mum dCTP............ 0.54 

TaBLeE III 


Effect of metals on CMP incorporation into RNA 


The additions were as those given in Table II except that an 
8mm concentration of the indicated metal was added in place of 


Mg** were indicated. 


Metal 


Mg** 0 
Co** 0 
Mn** 0 
Catt 0. 
Zn*+ <0 
No metal <0 


0.4 + 


MUMOLES INCORPORATED 
@ 


i. 
qv 


0.2 0.4 0.6 0.8 


RNA (wMOLES ORCINOL REACTING MATERIAL) 


Fic. 1. Effect of RNA on CMP incorporation. The reaction 
mixture (0.5 ml) contained the same addition as those noted in 
Table II except that the RNA concentration was varied as indi- 
cated. 
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preparative centrifuge. The supernatant solution was adjusted 
to 90% saturation by the addition of more ammonium sulfate 
(20 g/100 ml). The precipitate was collected after 20 minutes 
of centrifugation at 40,000 x g. This precipitate was dissolved 
in 2 ml of water. 

The final preparation, approximately 100-fold purified (Table 
I), is stable to repeated freezing and thawing. The enzyme 
preparation has no detectable CTPase, ATPase, RNase, phos- 
phodiesterase, pyrophosphatase, or nucleoside diphosphokinase 
activity. 


Properties of the Enzyme 


With the purified enzyme fraction, the reaction is dependent 
on the addition of CTP, MgCl, and RNA (Table II). The 
reaction is inhibited by RNase and DNA will not replace the 
RNA requirement. ATP, UTP, GTP, dCTP, or DNase are 
without effect. 

CTP Requirement—Relatively low concentrations of CTP were 
required to saturate the enzyme. The rate of fixation of the 
nucleotide into RNA was maximal with 60 um CTP. The K,, 
as measured by the Lineweaver-Burk plot (26), was 25 um; 
CDP was completely inactive with the purified enzyme prepara- 
tion. 

Metal Requirement—The system was saturated by the addition 
of 8 mm MgCl. and the K, was3 mm. A survey of other metals 
(Table III) indicated that Mg++ was by far the most active. 
Some activity was observed with Cot+, Mnt+, or Cat+, 
but not with Zn++. The relatively low affinity of the enzyme 
for Mg++ may reflect a binding of the metal by RNA as well as 
the removal of the product of the reaction, pyrophosphate. 

RNA Requirement—The RNA requirement of the system was 
evident in crude extracts; this requirement was absolute after 
the first acetone fractionation. The thymus RNA preparation 
described in the methods section was uniquely active. Omission 
of the dodecyl sulfate treatment yielded inactive preparations. 
A number of other RNA preparations were assayed for their 
ability to replace thymus RNA but these were either inactive 
or possessed little activity. No measurable incorporation was 
observed with adenylate, cytidylate, the AGUC copolymer, 
liver RNA,? or yeast RNA. With E. coli? and A. vinelandu 
“amino acid acceptor” RNA, the enzyme was about 10% as 
active. The presence of inactive RNA had no inhibitory effect 
on the reaction with thymus RNA, pointing to a high degree of 
specificity regarding the RNA. As summarized in Fig. 1, there 
was a relatively high affinity of the system for the added RNA. 
If it is as.umed that the RNA molecule contains an average of 
100 nucleotide units, it can be calculated that the K, for RNA 
is 5.6 uM. 

A peculiar feature of the incorporation of CTP is the limit of 
the reaction. A specific amount of CTP is fixed for a given 
amount of RNA even in the presence of a large excess of enzyme. 
For example, in the presence of 20 units of enzyme and 0.4, 0.8, 
and 1.2 uwmoles of orcinol-reacting material, respectively, as 
RNA, 1.1, 2.12, and 3.06 mumoles of CTP were incorporated 
into an acid-insoluble form. : 

As shown in Fig. 2, the limit of the CMP addition is not caused 
by inactivation of the enzyme, but rather by the utilization of 


2 Liver RNA preparations included one which was active as an 
amino acid acceptor, obtained from Dr. G. Acs. 
’ This included RNA preparations prepared by Dr. P. Berg. 
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the RNA. The addition of more enzyme after the reaction 
comes to a halt has no effect on CMP fixation whereas the addi- 
tion of RNA leads to an immediate resumption of nucleotide 
incorporation. This additional nucleotide incorporation occurs 
even if the second addition of enzyme is omitted. 


Properties of the Acceptor RNA 


The thymus RNA preparation has been examined in the 
analytical ultracentrifuge with both schlieren and ultraviolet 
optics. The preparation is heterogeneous with an average 
sedimentation constant of about 4. The phenol-treated prepa- 
ration can be purified about 10-fold with respect to its CMP 
acceptor activity by chromatography on DEAE-cellulose and 
ammonium sulfate fractionation. 

A brief summary of the stability of the RNA is given in Table 
IV. Although there is a rapid loss of about half of the activity 
after 1 minute at 100°, continued heating is without further effect 
on the biological activity. ‘The RNA preparation can be precipi- 
tated by adjusting the pH of the solution to 2 with HClO, 
without causing loss in activity. Incubation at pH 10 overnight 
followed by dialysis results in nearly complete loss of activity. 


Nature of the Products 


Previous results (13) indicate the addition of one or more 
CMP nucleotide units to the end of the RNA chain. When 
C4. CMP is incorporated and the product degraded with alkali, 
60% of the C™ is released as cytidine whereas 40% appears as 
the 2’ or 3’ derivatives of CMP.‘ The quantitative recovery 
of the incorporated isotope in the nucleoside and nucleotide 
fraction is in accord with an addition of CMP to the free 3’- 
hydroxyl end of the RNA chain. The lack of any radioactivity 
in the nucleoside diphosphate area eliminates the phosphate end 
of the RNA chain as the site of CMP addition. 

Studies with venom phosphodiesterase (27) support the con- 
clusion described above. This enzyme has been shown to cleave 
polynucleotide chains from the free 3’-hydroxyl end in a step- 
wise manner (28, 29). As shown in Fig. 3, approximately half 
of the isotope is rendered acid-soluble before appreciable ultra- 
violet-absorbing material is released. However, the rate of 
isotope liberation changes and the ultraviolet-absorbing material 
is slowly released. This suggests that there may be RNA chains 
containing runs of cytidylate units. The precise quantitative 
evaluation of this result is difficult due to the marked hetero- 
geneity of the RNA and the different susceptibilities of RNA 
chains to phosphodiesterase digestion. In accord with the idea 
that there are some runs of cytidylate units was the observation 
that close to 50% of the P® incorporated into RNA is released 


‘When a polyribonucleotide chain is exposed to alkali, the 
bonds indicated by the arrows are broken with the formation of 
a number of products. The nucleotide with the free 3-hydroxyl 
yields the corresponding nucleoside; the nucleotide with the free 
5’-phosphate at the opposite end of the chain yields the 3’,5’- 
diphosphonucleoside; the rest of the polynucleotide chain gives 
rise to the 2’- and 3’-mononucleotide. 
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Fig. 2. Effect of RNA and enzyme on CMP incorporation. 
The incubation mixture (6 ml) contained: 200 mumoles of cyti- 
dine-P*-P-P, 24 umoles of MgCl:, 200 umoles of Tris buffer, pH 
8.0, 4 umoles of orcinol-reacting material as RNA and 60 ug of 
protein (ammonium sulfate Fraction II). At the intervals indi- 
cated, 0.2 ml aliquots were removed and carrier RNA added. 
RNA was precipitated with acid and washed as previously de- 
scribed. At 70 minutes and at 100 minutes, 30 ug of enzyme pro- 
tein and 4 umoles of orcinol-reacting material (RNA) were added, 
respectively. 


TABLE IV 
Stability of RNA as CMP acceptor 


The heat treatment was carried out in a boiling water bath. 
After heating, the tubes were immediately immersed in an ice 
bath. In the case of acid precipitation, the RNA was adjusted 
to pH 2 at 0° with n HClO,. The precipitate was neutralized to 
pH 7.0. The pH 10 incubation consisted of incubation at room 
temperature for 12 hours in glycine buffer followed by dialysis 
against 0.05 m NaCl for 12 hours. Controls run at neutral pH 
were also carried out and showed no loss of acceptor ability. The 
activity of the RNA was measured by its ability to support both 
the rate and yield of CTP incorporation. No difference was 
found with either procedure. 


Treatment of RNA + Loss of activity 
% 
1. Heat, 100°, for 1 minute.................... 45 
2. Heat, 100°, for 15 minutes.................. | 40 
3. Acid 9 
4. Incubation at pH 10 for 12 hours........... >90 


as 2’- and 3’-CMP after alkaline degradation of the RNA (13). 
The fact that 50% is distributed among the 2’ or 3’ derivatives 
of UMP, GMP, and AMP is again suggestive of the heterogeneity 
of the RNA. This observation indicates that RNA chains 
terminating in different bases can act as substrates. 

The enzyme preparations are free of detectable pyrophos- 
phatase activity and pyrophosphate was identified as a product 
of the reaction. Identification was based on paper and Dowex 
1-Cl- chromatography. It was also identified by hydrolysis 
with pyrophosphatase. The formation of pyrophosphate was 
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Fic. 3. The action of venom phosphodiesterase on product. 
RNA-CMP® was prepared free of radioactive CTP by dialysis 
for 48 hours against 0.05 mM NaCl. For the digestion with venom 
phosphodiesterase, the incubation mixture (1.5 ml) contained: 
RNA (16 O. D. units at 260 my and 35,000 c.p.m.), 5 wmoles of 
MgCl, 50 umoles of glycine buffer, pH 8.6, and 5 units of venom 
phosphodiesterase. Incubation was carried out at 38°, and 0.2 
ml aliquots were removed as indicated and added to a solution 
containing 1 mg of thymus DNA in 1.7 ml of H2O. A 7% solution 
of HC1O,, 0.1 ml, was added and the mixture centrifuged. Ali- 
quots of the supernatant solution were measured for their radio- 
activity content as well as their ultraviolet adsorption. 


equivalent to the CMP incorporated into RNA (Table V). 
The requirements for pyrophosphate release were the same as 
for CTP utilization. No detectable pyrophosphate was formed 
when RNA was omitted or when RNase was included in the 
reaction mixture. There was no effect of phosphate buffer i in 
place of Tris buffer in the reaction system. 


Reversibility of the Reaction 


Attempts to demontrate reversibility of the reaction were 
complicated by the fact that the reaction is inhibited by pyro- 
phosphate. This inhibition appears to be related partly to the 
high Mg++ concentration required. As shown in Table VI, the 
pyrophosphate effect can be reversed by increasing the Mgtt+ 
concentration. When the Mg++ was doubled, virtually no in- 
hibition was observed. Thus, the observation that pyrophos- 
phate is inhibitory does not necessarily indicate a reversal of this 
reaction by a pyrophosphorolytic mechanism. 

In order to demonstrate the reverse reaction, labeled RNA 
was prepared by treating thymus RNA with cytidine-P*-P-P in 
the presence of enzyme. The reaction mixture was then dialyzed 
against NaCl for 48 hours. This product was used as a substrate 
to test for pyrophosphorolysis. As shown in Table VII, there 
is no release of acid-soluble radioactivity in the absence of 
pyrophosphate addition. Pj; does not replace pyrophosphate, 


and higher Mg++ concentrations markedly inhibit the pyro- 
phosphorolysis. The acid-soluble radioactivity was identified 
as CTP after carrier CTP addition and chromatography on 
Dowex 1-Cl-. 
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An RNA-dependent pyrophosphate incorporation into CTP 
could also be demonstrated. As is the case with the DNA 
polymerase (30), pyrophosphate concentrations at the same 
level as CTP (60 uo) had no effect on the reaction rate. There 
is no detectable radioactive pyrophosphate incorporated into 
CTP at these levels. Only when the concentration of pyro- 
phosphate is raised to levels of 10-* M and above is there demon- 
strable fixation of pyrophosphate. Thus, with 1, 2, and 4 umoles 
of pyrophosphate, 0.045, 0.075, and 0.14 mumole of radioactivity, 
respectively, was adsorbed to Norit. This reaction is dependent 
upon the addition of RNA. Pretreatment of the RNA with 
RNase abolished pyrophosphate incorporation into a form 


TABLE V 
Stoichiometry and identification of pyrophosphate 

Conditions: For CMP* incorporation, cytidine-P*PP was used 
whereas for the measurement of PP or Pj release, cytidine- 
PP*P was used as substrate. The reaction mixture (0.5 ml) con- 
tained 30 mumoles of CTP labeled as required, 5 uzmoles of MgCl, 
25 umoles of Tris buffer, pH 8.0, 0.4 umole of orcinol-reacting 
material as RNA, and 10 ug of the DEAE-cellulose-treated en- 
zyme. In Experiment 1, the reaction mixture was incubated for 
20 minutes and in Experiment 2, for 40 minutes. Cytidine-P*P-P 
incorporation into RNA was measured as described before. The 
release of PP and Pi were measured as follows. The reaction 
mixtures were immersed in ice and 1 uwmole of P; and 1 umole of 
PP were added as carrier. Then acid was added, and the nucleo- 
tide was adsorbed with 0.1 ml of 30% charcoal. Respectively, 
0.75 and 1.21 mymoles of P-labeled nonadsorbable materials 
were found in the supernatant solution. In Experiment 1, the 
reaction mixture was chromatographed overnight in Leloir solvent 
(31), and the PP and P; areas eluted and counted. In Experiment 
2, the material was chromatographed on Dowex 1-Cl~ and the 
P; and PP separated, concentrated, and counted. Parallel ex- 
periments were also carried out with inactive (boiled) enzyme 
fractions. The values given have been corrected for the presence 
of P; in the cytidine-P-P*-P preparation. The amount of radio- 
activity found in Experiment 1 was 4200 c.p.m. in the PP area 
and 180 c.p.m. in the Pj area. 


c.p.m. in the Pj area. 


Experiment | CMP#? incorporated PP22 released Pj? released 
mumoles mymoles mumoles 
1 0.71 0.76 <0.03 
2 1.23 1.14 <0.03 
TABLE VI 


Effect of PP on ribonucleotide incorporation 


The additions were the same as those given in Table II with : 


the exceptions noted above. 


Addition incorporated |Inhibition 

mymoles % 

2. Mg*+, 4umoles + pyrophosphate, 2umoles.| 0.82 16 

3. 4umoles + pyrophosphate,2umoles.| 0.36 63 

4. Mg*tt,4umoles + pyrophosphate,2umoles.| 0.12 88 

6. Mg*t+, 8umoles + pyrophosphate,4umoles.| 0.95 18 

7. Mgtt, 8umoles + pyrophosphate, 8umoles.; 0.07 94 


There was no detectable radio- — 
activity in the PP area in the control, whereas there were 150 | 
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adsorbable by Norit. In addition, pyrophosphate incorporation 
is not completely dependent on the addition of CTP (Table VIII). 


Incorporation of Other Nucleoside Triphosphates 


Crude extracts of thymus gland utilize all four nucleoside 
triphosphates, but the purified RNA-CTP pyrophosphorylase 
enzyme fraction catalyzes only CMP fixation. In view of the 
marked specificity with regard to nucleic acid required, it seemed 
possible that the absence of UTP, ATP, and GTP incorporation 
was due to a lack of a suitable acceptor. This has now been 
excluded. Nucleic acid preparations able to accept all four 
nucleotides have been prepared from a variety of sources and 
the original conclusion verified. Thus (Table LX), as the pro- 
tein fractions are purified with respect to CMP incorporation, 
there is a marked decrease in the incorporation of the other 


TaBLeE VII 
Release of radioactivity from RNA-CMP® 


RNA labeled with CMP was prepared as described in the 
text. For the release of radioactivity, the additions were as 
follows: MgCl: and pyrophosphate as indicated, 25 umoles of Tris 
buffer pH 8.0, 0.10 umole of orcinol reactive material as RNA con- 
taining 0.21 mymole of P*, and 15 ug of ammonium sulfate Frac- 
tion II in a total volume of 0.5 ml were incubated for 30 minutes. 
The reaction was terminated by the addition of 0.1 ml of a 10 mg 
per ml albumin solution and 0.1 ml of 10% trichloroacetic acid. 
The supernatant solution was decanted directly into metal 
planchets and counted after neutralization with NH,OH. 


Addition Acid-soluble P22 

mumoles 
2. Mgt+, 1 um + pyrophosphate, 2umM........... 0.13 
3. Mgt*, 2 um + pyrophosphate, 2um........... 0.09 
4. Mg++, 5 um + pyrophosphate, 2um........... 0.05 
5. Mgt*, 5 um + pyrophosphate, l uM........... <0.01 
6. 1 pnt + Pi, <0.01 


TaBLeE VIII 
Requirements for pyrophosphate incorporation into CTP 


The additions were as described in Table II with the exception 
that unlabeled CTP and 4 uwmoles of P*P* (4 X 10° c.p.m. per 
umole) were included. Where indicated, the following additions 
were made: ATP, UTP and GTP, 50 mumoles of each; RNase, 10 
ug. The tubes were incubated for 20 minutes after which 2 mg 
of albumin, 0.5 ml of 10% perchloric acid, and 2 ml of 0.1 m sodium 
pyrophosphate were added. The acid-insoluble material was 
removed by centrifugation and the supernatant solution decanted. 
A 30% Norit suspension, 0.05 ml, was added and the charcoal col- 
lected and washed three times with 1% perchloric acid. The 
charcoal was suspended in ethanolic-ammonia and plated. The 
zero time control contained 70 c.p.m. 


Additions P*P* fixed 
mpumoles 
6. Complete + ATP + UTP + GTP............ 0.15 
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TABLE IX 
Distribution of nucleotide incorporation 
activities in thymus enzyme fractions 
Each system was assayed individually with nucleic acid and 
Mg**. The nucleic acids used were different for each nucleotide. 
For ATP incorporation, an RNA fraction from yeast® was used; 
for UTP and GTP incorporation, a nucleic acid fraction from 


E. coli was employed. In the case of ATP utilization there was 
no effect of CTP addition. 


Enzyme fraction 
Nucleotide added Ammonium sulfate 
Crude extract 
Fraction I Fraction II 
mymoles/mi of fraction 


nucleotides. The systems responsible for the incorporation of 
the other nucleotides are presently being purified from EZ. colz.5 


DISCUSSION 


The ribonucleotide, CMP, is also incorporated into DNA (14). 
Unpublished experiments® suggest that this addition occurs at 
the end of DNA chains. However, it is clear that the enzyme 
system, RNA-CTP pyrophosphorylase, specifically requires 
RNA, and DNA is inactive in this reaction. 

The incorporation of CMP into RNA resembles the DNA- 


5M. A. Alexander, A. E. Bresler, J. Furth, and J. Hurwitz, un- 
published observations. 

6 The following observations suggested that the addition of 
CMP to DNA was terminal. The incorporation of C*-CTP into 
an acid-insoluble form requires the following additions: dATP, 
dGTP, dTTP, DNA, the DNA polymerase, and an enzyme frac- 
tion from £. colt. If any one of the deoxynucleoside triphos- 
phates is omitted or if the DNA polymerase is omitted, there is 
hardly any detectable incorporation of the ribonucleotide into 
DNA. However, when C'4-CTP is replaced by cytidine-P-P*-P* 
and the formation of Norit nonadsorbable radioactivity is used 
as a measure of the reaction, the above requirements are not ab- 
solute. The release of P*-P* occurs to a large extent in the ab- 
sence of the DNA polymerase or the deoxynucleoside triphos- 
phates. The addition of these materials stimulated the reaction 
about 3-fold. These results could be summarized by the follow- 
ing series of reactions: 


E. coli 
DNA + CTP a Ng DNA-CMP + PP (1) 
DNA 
DNA-CMP + dATP + dGTP + dTTP ——= 
polymerase (2) 


DNA-CMP-dAMP-dGMP-dTMP 


The lack of accumulation of the DNA-CMP product was ration- 
alized by the observation that the enzyme preparation was con- 
taminated with a diesterase-like activity. This enzymatic ac- 
tivity leads to the cleavage of the end group of the DNA chain 
containing the ribonucleotide. This reaction would be: 


pNA-cmp 4 (3) 


A combination of Reaction 1 and 3 could explain the release of 
P*-P* from cytidine-P-P*-P* that was not dependent upon the 
DNA polymerase system. In addition, this scheme (Reactions 
1 to 3) may partly explain the necessity of the DNA polymerase 
system for the incorporation of ribonucleotides into DNA. 
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synthesizing system (30) in that the substrate utilized is the 
nucleoside triphosphate and a “limit”? addition of nucleotides 
to the ends of polynucleotide chains occurs. In contrast to the 
DNA polymerase, purified preparations of RNA-CTP pyro- 
phosphorylase do not catalyze the incorporation of other nucleo- 
tides into RNA. Evidence has accumulated’ that suggests that 
ATP and UTP incorporation are catalyzed by distinct and sep- 
arate enzymes. 

The enzyme described here appears to have activity limited to 
the addition of a few nucleotide residues to preexisting RNA 
chains. The exact role of this enzyme in RNA synthesis re- 
mains obscure. It may be involved in amino acid acceptor 
RNA synthesis and have no part in the synthesis of RNA. 

SUMMARY 

An enzyme system that catalyzes a pyrophosphorolytic addi- 
tion of cytidine 5’-phosphate residues to the ends of ribonucleic 
acid chains exists in thymus glands and may be purified from 
acetone powders of the gland. It is specific for this one nucleo- 
tide and requires a specific ribonucleic acid, also obtainable from 
thymus, that is inactivated as an acceptor by treatment with 
ribonuclease or by incubation at pH 10, and half-inactivated by 
heating at 100° for 1 to 15 minutes, but is not inactivated by 
brief exposure to pH 2. 

The extent of the reversible and stoichiometric cytidylate 
incorporation is limited by the amount of thymus ribonucleate 
present and is unaffected by deoxyribonucleate, deoxycytidylate, 
or deoxyribonuclease. 
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During a study of the effect of 2 ,4-dichlorophenoxyacetic acid 
on the soluble nucleotides in soybean seedlings (1), a nonnucleo- 
tide compound accumulated in the treated seedlings. The same 
compound was found in high concentrations in immature soybean 
seeds that would not germinate (2). The compound inhibited 
seed germination and markedly affected respiration and phospho- 
rylation of both intact soybean tissue and isolated mitochondria 
(1,2). In an earlier communication, this compound was referred 
to as Fraction C because of its elution position from Dowex 
l-formate (between adenosine and guanine monophosphates), 
and for convenience, the designation C is used in the section on 
identification. The present paper describes identification of 
Fraction C as an ascorbic acid-like compound, and also reports 
the results of some preliminary studies on the oxidation-reduction 
state of some cellular components of soybean seedlings after 
treatment with 2 ,4-dichlorophenoxyacetic acid. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Etiolated soybean seedlings (Glycine max var. Hawkeye) were 
used as test plants. Unless otherwise stated, 24-day-old seedlings 
were treated with 15 ml of 5 X 10-4 m 2,4-dichlorophenoxyacetic 
acid as the potassium salt (pH 6), as described elsewhere (3). 
This concentration inhibits growth of apical meristems and 
promotes cell expansion and proliferation in mature cells of soy- 
bean seedlings. Comparable seedlings were kept as controls. 
Immature soybean seeds harvested at 100 to 200 mg per seed 
were the source of the unknown fraction in the identification 
study. The beans were stored at —10° and, after removal of the 
hulls, were extracted as previously described (2). 

Determination of Ascorbic Acid and Dehydroascorbic Acid— 
Twenty grams of seedlings (minus cotyledons) were ground for 1 
minute in a VirTis ‘‘45”’ homogenizer in 40 ml of ice-cold 3% 
m-phosphoric acid. The extract was filtered through glass wool, 
and the filtrate was then centrifuged for 10 minutes at 10,000 x 
g. The cleared supernatant solution was used for quantitative 
determination of ascorbic acid and dehydroascorbic acid by the 
method of Hughes (4). 


* Postdoctoral Trainee (2C-321) of the United States Public 
Health Service. Present address, Botany Department, Uni- 
versity of California, Davis, California. 


Determination of —SH Groups—With a homogenizer cup 
constructed from a sintered glass funnel, it was possible to main- 
tain a constant atmosphere of nitrogen over tissue during homog- 
enization. Ice-cold extraction solvent (40 ml) containing 3% 
trichloroacetic acid and 3% m-phosphoric acid was treated with 
nitrogen for 10 minutes before 20 g of plant tissue (seedlings less 
cotyledons) were added and homogenized for 1 minute in the 
nitrogen atmosphere. The homogenates were filtered and cen- 
trifuged as described above. The precipitate was dissolved in an 
oxygen-free 8.5 M urea solution containing 10-5 m Versene (eth- 
ylenediaminetetraacetate). After further flushing with nitrogen 
for 15 minutes, through the sintered glass bottom of the titration 
cup, total “‘protein-SH” was determined by amperometric titra- 
tion with silver nitrate (5, 6). The supernatant solution from 
the original homogenate was titrated directly for determination 
of “soluble-SH.” 

Determination of Oxidized and Reduced Pyridine Nucleotides— 
The m-phosphoric-trichloroacetic acid extracts were used in 
determining oxidized pyridine nucleotides by a modified version 
of the methyl ethyl ketone method (7, 8). Various amounts of 
the plant extracts were made up to 2 ml with 2% trichloroacetic 
acid, and 0.2 ml of the methyl ethyl ketone reagent (8) was added, 
followed by 0.6 ml of 3.5 N sodium hydroxide (final pH about 11). 
After 5 minutes at room temperature, 0.2 ml of 10 n hydrochloric 
acid was added (final pH about 1). The samples were placed in 
a boiling water bath for 5 minutes, cooled, and read in the 
Aminco-Bowman spectrophotofluorometer (activation 390 mu, 
emission 450 my). 

For the reduced pyridine nucleotides, the plant tissue was 
homogenized in 2 volumes of boiling 0.2 m sodium carbonate at 
pH 10. After 1 minute in the VirTis homogenizer, the extract 
was boiled for 1 minute and filtered through glass wool. The 
cooled filtrates were centrifuged for 1 hour at 12,000 x g, and 
after adjustment of the clear supernatant fluids to pH 7, the 
fluorescence was determined in the Aminco-Bowman spectro- 
photofluorometer (activation 340 my, emission 460 my). 

The Beckman model DU spectrophotometer was used to de- 
termine the absorption spectra, and the spectrophotometric titra- 
tions of the unknown and ascorbic acid were carried out in phos- 
phate-acetate buffer between pH 2 and 8. The Di-Functional 
Recording Titrator (International Instruments Company) was 
used for the acid-base titrations. Protein was determined by the 
biuret-phenol method (9). 
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TABLE I 


Effect of 2,4-dichlorophenoxyacetic acid treatment on accumulation 
of ascorbic acid tn soybean plants 


Ascorbic acid* 


Age of seedlings 2,4-Dichlorophe 


Control noxyacetic acid 


OD units/ plant 


Immature seed (0.1 g)............ 1.00 
Mature hydrated seed (0.5 g)..... 0.50 


*The quantity of ascorbic acid, isolated as previously de- 
scribed (2), is reported as optical density units per plant where 
1 unit is equal to the amount of ascorbic acid that will give unit 
optical density in a 1l-cm cuvette at 260 my in a Beckman 
model DU spectrophotometer in 0.85 N formic acid. 


TABLE II 


Effect of auxin and auzxinlike compounds on accumulation 
of ascorbic acid tn soybean hypocotyls 


Auxin treatment* Ascorbic acid 
cm untts/50 g tissue 
3-Indoleacetic acid, 5 K 10%M........ 4.9 47 
3-Indoleactic acid,t 5 X 10-3 M........ 4.8 65 - 
3-Indoleacetic acid,f 5 K 10% M....... 4.6 69 
1-Naphthaleneacetic acid,1 X 10M... 4.6 66 
2,4-Dichlorophenoxyacetic acid, 5 X 
2,4,5-Trichlorophenoxyacetic acid, 
2,4,6-Trichlorophenoxyacetic acid, 


* The designated auxin (15 ml) was sprayed on trays of 2}-day- 
old soybean seedlings 24 hours before extraction with 0.6 n HClO, 
and measurement of growth, unless otherwise noted. 

+ Seedlings were sprayed 12 and 24 hours before extraction. 

t Seedlings were sprayed 4, 12, and 24 hours before extraction. 


TaBLeE IIT 
Ultraviolet absorption characteristics of Fraction C and ascorbic acid 
pH 2 (0.05 u POs buffer) pH 3.5 (H20) a Weiler) 
Cc AA* C AA* AAt Cc AAt 
250/260 | 1.54 | 1.63 | 1.80 | 0.88 | 0.86 | 0.86 
280/260 | 0.35 | 0.33 | 0.20 | 0.54 | 0.51 | 0.57 
Amax 245 | 245 | 245 | 260 | 260 | 260 | 265 | 265 


* Ascorbic acid that had been dissolved in perchloric acid, 
neutralized with potassium hydroxide, and chromatographed on 
Dowex 1-(formate) to simulate conditions for isolation of Frac- 
tion C. 

t Freshly dissolved ascorbic acid. 
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RESULTS 


Effect of 2,4-Dichlorophenoxyacetic Acid on Accumulation of 
Ascorbic Acid in Soybean Seedlings—As shown in Table I, the 
concentration of ascorbic acid increased markedly in the seedlings 
treated with 2 ,4-dichlorophenoxyacetic acid but decreased in the 
control seedlings. The concentration of ascorbic acid in the 
treated seedlings began to decrease after 24 hours, and in 96 hours 
fell to a level almost identical to that initially present in contro] 
seedlings (compare 23 days control and 63 days treated seedlings). 
At the concentration used, 2, 4-dichlorophenoxyacetic acid almost 
completely inhibited elongation of the plants, but had little 
effect on fresh weight. The treatment also initiated large lateral 
expansion and extensive cell proliferation of the mature hypocoty] 
tissue (1). As pointed out previously (3), this treatment with 
2,4-dichlorophenoxyacetic acid appeared to inhibit normal cell 
division completely in the apical meristems while initiating 
considerable cell division in the lateral meristem of the mature 
tissue. 

In an attempt to establish whether the increase in ascorbic acid 
was related to the auxin effects of 2 ,4-dichlorophenoxyacetic acid 
or to a less specific effect, several other compounds were tested. 
As shown in Table II, the native auxin 3-indoleacetic acid and 
two other synthetic auxins, 1-naphthaleneacetic acid and 2,4,5- 
trichlorophenoxyacetic acid, were about as effective as 2 , 4-dichlor- 
ophenoxyacetic acid in causing ascorbic acid to accumulate. The 
analogue 2,4,6-trichlorophenoxyacetic acid which is inactive as 
an auxin had no effect on the concentration of ascorbic acid. At 
least two treatments of 3-indoleacetic acid were necessary during 
the 24-hour period to cause ascorbic acid to accumulate in large 
quantity. (Unpublished data obtained with stem tissue from 
green plants indicate that the increase in concentration of 
ascorbic acid occurs within 6 hours of treatment with 2 , 4-dichloro- 
phenoxyacetic acid.) A possible explanation of this observation 
is that a continued high level of auxin, either natural or synthetic, 
is necessary for the high level of ascorbic acid to be maintained. 
It is known that 3-indoleacetic acid is metabolized in plants more 
rapidly than the synthetic auxins (10, 11). 

Identification of Fraction C as an Ascorbic Acid—Chemical 
analysis of the material of Fraction C, which eluted as a sym- 
metrical peak from the ion exchange column, showed the fol- 
lowing composition: 41.35% carbon, 5.3% hydrogen, 52.95% 
oxygen (average of closely duplicating analyses of three different 
preparations of Fraction (C). Since these analyses suggested a 
carbohydrate or carbohydrate-like compound, a series of qualita- 
tive tests were made. It was found that Fraction C reduced 
ammoniacal AgNQ; at room temperature, gave free iodine when 
treated with an excess of periodate, and reduced 2,6-dichloro- 
phenolindophenol. All these are characteristic of reductones. 
As a result of the initial qualitative tests, Fraction C was com- 
pared with L-xyloascorbic acid (Mallinckrodt). The ultraviolet 


absorption spectra of Fraction C and ascorbic acid were essen- ~ 
Both compounds absorbed maxi- | 


tially identical (Table III). 
mally at 245 mu at pH 2 and at 265 mu at pH 7. This shift 


along with pH changes was associated with an increase in 260 © 


my absorbancy of 152% for ascorbic acid and 153% for Fraction 
C. Spectrophotometric titration over the pH range of 2 to 8m 
phosphate-acetate buffer showed this absorption shift to be as- 
sociated with an ionization having a pK of 4.15 for ascorbic acid 
and 4.05 for Fraction C. Titration of ascorbic acid and Fraction 
C from pH 2 to pH 12 showed the presence of two ionizing groups 
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having pK values of 4.15 and 10.9 (enolic H and lactone, respec- 
tively) for ascorbic acid, and 4.25 and 10.9 for Fraction C. 
Paper chromatography showed that Fraction C consisted of at 
least four components (Table IV), of which the major one (Rr 
0.50) was indistinguishable from ascorbic acid in six solvent 
systems. One of the other three components (Rr 0.15) was also 
found as an impurity in commercial ascorbic acid (or possibly as a 
breakdown product produced during chromatography). When 
ascorbic acid was treated in a manner simulating the perchloric 
acid extraction of the seeds and subsequently passed through a 
Dowex 1-formate column, it was eluted by the same formic acid 
concentration that eluted Fraction C (0.85 m formic acid). Pa- 
per chromatography of ascorbic acid eluted from the column 
gave a total of three components, corresponding to the com- 
ponents with Rp values of 0.17, 0.33, and 0.50 in Fraction C. 
Reduction of Fraction C and ascorbic acid with sodium borohy- 
dride and methylation with diazomethane, both followed by 
paper chromatography, again gave very similar chromatograms 
for the two compounds (Table IV). In later experiments, Frac- 
tion C was prepared from seedlings, and by pooling only the 
central tubes in the elution peak, a preparation of Fraction C was 
obtained which lacked the component with Ry 0.33. The in- 
frared spectrum of this sample of Fraction C was essentially 
identical to that of ascorbic acid, clearly showing the lactone 
band at 1750 cm~! and the enolic stretching at 1650 em— (12). 
Biological activity was also compared in Fraction C and ascor- 
bic acid, with the use of inhibition of seed germination and of 
plant growth (2) as assay methods. The components of a sample 
of Fraction C were separated on a cellulose column, and the 
inhibitory power of each component was compared to that of 
crude Fraction C and ascorbic acid. The results are shown in 
Table V. It is evident that the growth inhibition caused by 
Fraction C can be attributed to the ascorbic acid-like compound 
(Rr 0.5), and that the inhibition is paralleled by that of authentic 
ascorbic acid. Ascorbic acid also showed the same inhibitory 
action on seed germination as reported for Fraction C (2). 
Attempts failed to purify and crystallize enough of the major 
component of Fraction C to obtain melting point and optical 
rotation in a final attempt to identify it with L-xyloascorbic acid. 
Preliminary Studies on Oxidation-Reduction State of 2,4-Di- 
chlorophenoxyacetic Acid-treated Plants—Since it was apparent 
that the ascorbic acid concentration in the plants was sensitive 
to 2,4-dichlorophenoxyacetic acid, several routes of exploratory 
work on the mechanism of auxin action suggested themselves. 
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TaBLeE IV 


Rp values from paper chromatography 
of Fraction C and ascorbic acid 

Ascending chromatograms were developed in n-butanol-acetic 
acid-water (40:10:15) and sprayed with periodate-benzidine 
spray. Reduced derivatives of Fraction C and ascorbic acid 
were prepared by reduction with NaBH, in carbonate buffer pH 
10.2 for 12 hours. Methylated derivatives of Fraction C and 
ascorbic acid were obtained by reaction in methanol with an ex- 
cess of etheral diazomethane. 


Reduced Methylated 
Cc AA* AAt 
Cc AA Cc AA 
0.17 0.15 0.15 0.20 0.21 0.68 0.70 
0.33 0.30 0.25 | 0.26 | 0.81 | 0.80 
0.50 0.50 0.50 0.30 | 0.30 
0.68 0.36 | 0.50 


* AA freshly dissolved ascorbic acid. 
t AA treated to simulate conditions for isolation of Fraction C. 


TABLE V 


Effect of Fraction C and ascorbic acid on 
growth of excised soybean root tips 


A total of 250 mg of 12-mm sections of soybean root tips were 
incubated in 4 ml of solution containing 1% sucrose, 0.003 m 
KPO, buffer (pH 5.5), and the added products listed below. Con- 
trols showed 35.3% increase in fresh weight. The fractions (Ci, 
C2, C3) were obtained by chromatography on cellulose column, 
eluted with n-butanol-acetic acid-water (40:10:15), and were 
practically free of mutual contamination (C, contained a trace of 
C;). The sample of Fraction C used in this experiment did not 
contain the component with R- 0.33. 


Inhibition of fresh weight increase 
Added products 
Ascorbic acid C | Ci C3* Ca* 
mg % % % % % 
1 19.8 19.5 
2 34.6 34.8 
+ 66.0 66.5 0 71.0 9.0 


* These fractions correspond to the components of Fraction C 


on chromatograms as listed in Table IV (Ci, Rp 0.17; Cz, Re 0.50; 
C,, Rr 0.68). 


TABLE VI 


Effect of 2,4-dichlorophenoryacetic acid on level of ascorbic acid, protein sulfhydryl, soluble sulfhydryl, . 
and pyridine nucleotides in soybean seedlings* 


| AgNOs/g fresh weight| Auorescence intensity/g fresh weight 
2} | None 130 56 (0.21 0.21 111 
34 None 113 42 0.26 0.28 14 91 
34 2,4-Dichlorophenoxyacetic acid 150 42 0.43 0.43 15 111 
44 | None 76 44 0.25 0.28 46 29 
44 | 2,4-Dichlorophenoxyacetic acid 126 37 0.33 0.35 55 60 
54 | None 67 41 0.26 0.32 48 32 
5} | 2,4-Dichlorophenoxyacetic acid 112 38 0.31 0.37 55 29 


* Average values of two closely duplicating experiments. 
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TaBLeE VII 
Effect of oxygen deficiency on ascorbic acid and 
protein sulfhydryl in soybean seedlings 
Treatment* Ascorbic acid) Pebydroas- | protein sulfhydryl 
ug/g fresh weight ml 

Ascorbic acid (10-2 M).... 1170 390 0.132 
Excess water............. 153 45 0.152 


* Seedlings (24 days old) were treated and the results were 
obtained 24 hours after the treatment. 


One of these was a study of the general oxidation-reduction state 
of the plant, a study to be limited to ascorbic-dehydroascorbic 
acids, trichloroacetic acid-soluble and -insoluble sulfhydryl 
groups, and reduced and oxidized pyridine nucleotides. The 
results, in Table VI, show that the over-all effect of the 2 , 4-dichlor- 
ophenoxyacetic acid treatment was a shift toward a more reduced 
state of ascorbic acid, proteins, soluble sulfhydryl compounds, 
and pyridine nucleotides, accompanied by a net increase in the 
concentration of total ascorbic acid and pyridine nucleotides. 
The maximal effect was observed 24 hours after the auxin treat- 
ment, and it disappeared after about 72 hours. At about 72 
hours after treatment, the treated plants resumed growth in the 
apical meristems both above and below the cotyledons (1). An 
attempt was made to cause a general shift toward a reduced state 
in the plant by simply removing oxygen. The results are re- 
ported in Table VII. Attempts at oxygen removal were sought 
in three different ways: by adding ascorbic acid to the growth 
medium, by “flooding” the plants (too much water inhibits 
growth markedly), and by substituting nitrogen for oxygen. In 
all cases the treatment was started on 23-day-old seedlings, the 
age at which the auxin treatment was normally started. The 
plants were analyzed after 24 hours, at which time the auxin 
effect had been found to be optimal. Only in the case of the 
nitrogen treatment was there a significant increase in protein- 
SH, and in no case was ascorbic acid concentration increased. 
The high ascorbic acid concentration from the externally pro- 
vided ascorbic acid caused no increase in the protein-SH. 
Thus, simple anaerobiosis did not give the same general picture 
of reduction as the auxin treatment. 


DISCUSSION 


Although the attempts to obtain the active component of the 
unknown fraction (C) in crystalline form failed, it is felt that the 
active component is quite definitely identified as an ascorbic acid. 
Moreover, since the chromatographic behavior of the unknown 
component is similar to that of ascorbic acid, it seems likely that 
the unknown component is L-xyloascorbic acid. The concentra- 
tion of ascorbic acid in the plant then seems to be directly as- 
sociated with the normal growth and development of the plant, 
as well as with seed germination (2). The high concentration 
of ascorbic acid in the immature soybean seed may thus rep- 
resent the means by which germination of the seed is prevented 
at a time when seed germination would be undesirable (2). 
Furthermore, 2 ,4-dichlorophenoxyacetic acid-induced inhibition 
of normal meristem growth and promotion of abnormal growth 
in the more mature tissue could be related to its effect on the 
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oxidation-reduction state of the plant cell. The increased 
reduction state of ascorbic acid and sulfhydryls noted here must 
certainly reflect the changes produced in the more mature tissue, 
which had been induced to resume growth, although abnormally. 
The inhibited apical meristems, which make up a very small 
portion of the total tissue, may well have been shifted toward a 
more oxidized condition. In fact, Marré et al. (13-15) have 
shown that growth-promoting concentrations of auxin shift 
ascorbic acid and glutathione toward a more reduced state; 
growth-inhibitory concentrations gave a shift toward a more 
oxidized condition in the case of ascorbic acid. (More recent 
observations indicate a shift toward the oxidized condition in 
young green leaves of plants treated with an inhibitory concentra- 
tion of 2,4-dichlorophenoxyacetic acid.) Arrigoni (16) has 
recently shown that sulfite promotes growth of excised plant 
parts, and that this promotion correlates with an increase in the 
concentration of reduced glutathione. The findings of Pro- 
chazka et al. (17-19), who isolated ascorbigen, further implicate 
an auxin-ascorbic acid relationship in the regulation of plant 
growth. 

The results presented here, as well as the work discussed above, 
merely show correlations between the action of auxin and the 
oxidation-reduction state of ascorbic acid and the sulfhydryl 
systems. Certain observed responses to auxin, such as decrease 
in heat coagulability of proteins (20), decrease in protoplasmic 


viscosity (21), and marked changes in the activity of some dehy- - 


drogenases (22) and mitochondria (3, 23), may well be related to 
the relative sulfhydryl-disulfide bond content of cytoplasmic 
proteins. Finally, the importance of maintaining the proper 
ratio of protein disulfide bonds to free sulfhydryl groups in the 
formation of the mitotic apparatus has been more clearly estab- 
lished (24). 

Normal growth of plants is often considered to be controlled by 
a balance between growth-promoting and growth-inhibitory 
systems (25). In view of the work reported here and the work 
of Marré et al. (13-15), it is possible that such a balance may be 
regulated by auxin through its effects on the oxidation-reduction 
state of the plant. Although speculation about the specific 
mechanism of auxin action is still premature, several avenues of 
approach to the problem are indicated. 


SUMMARY 


A compound that accumulates in soybean seedlings treated 
with 2,4-dichlorophenoxyacetic acid has been identified as an 
ascorbic acid. The increased concentration of ascorbic acid was 
associated with an increase in the concentration of protein sulf- 
hydryl, trichloroacetic acid-soluble sulfhydryl, and reduced 
pyridine nucleotides. 


Acknowledgment—The advice of Dr. J. B. Hanson and the 
technical assistance of Mrs. Patricia Weston are gratefully 


acknowledged. We are also indebted to Mr. Chun Yen Lai for | 


setting up and amplifying the amperometric titration unit. 


REFERENCES 


. Key, J. L., Ph.D. Dissertation, University of Illinois, 1959. 

. Key, J. L., anp Gatitz, D. S., Science, 130, 1340 (1959). 
Key, J. L., anp Hanson, J. B., Plant Physiol., 365, 177 (1960). 
. Huaues, R. E., Biochem. J., 64, 203 (1956). 

. CarTER, J., J. Biol. Chem., 234, 1705 (1959). 

. Benescu, R. E., Larpy, H. A., aNp Benescu, R., J. Biol. 
Chem., 216, 663 (1955). 


} 
| 


4 


Biol. 


February 1961 


7. CARPENTER, K. J., AND Kopicek, E., Biochem. J., 46, 421 
(1950). 

8. Crott1, M. M., anp Kap.an, N. O., in S. P. CoLowick aNnpD 
N. O. Kapitan (Editors), Methods in enzymology, Vol. III, 
Academic Press, Inc., New York, 1957, p. 896. 

9. SUTHERLAND, E. W., Corr, C. F., Haynes, R., aNnp OLSEN, 
N.S., J. Biol. Chem., 180, 825 (1949). 

10. GatsTon, A. W., AND DaLBere, L. Y., Am. J. Botany, 41, 373 
(1954). 

11. ANDREAE, W. A., AND Goon, A. E., Plant Physiol., 32, 566 
(1957). 

12. Trotter, I. F., Tompson, H. W., anp WoKEs, F., Biochem. 
J., 42, 601 (1948). 

13. Marre, E., anp ARRIGONI, E., Physiol. Plantarum, 10, 289 
(1957). 

14. Marrek, E., anp Laupi, G., Atti accad. nazl. Lincet, 20, 77 
(1956). 


J. L. Key and F. Wold 


15. 


x Sone 


. ProcwizKa, Z., 


993 


MarkB, E., ARRIGONI, O., Forti, G., Tonzia, S., Atti 
accad. nazl. Lincei, 22, 85 (1957). 


. ARRIGONI, O., Ital. J. Biochem., 9, 84 (1960). 
. ProcuAZxKa, Z., 


Sanpa, V., AND Sor, F., Chem. listy, 50, 
167 (1956). 


. ProcuhzKa, Z., SANDA, V., AND SorM, F., Collection Czechoslov. 


Chem. Communs., 22, 654 (1957). 


Sanna, V., AND Sor, F., Chem. listy, 61, 
1197 (1957). 


. Gauston, A. W., anp Kaur, R., Proc. Natl. Acad. Sci. U. S., 


45, 1587 (1959). 


. NorTHEN, H. T., Botany Gaz., 103, 668 (1942) 

. BERGER, J., aNnD AvERY, G.S., JR., Science, 98, 454 (1953). 

. Switzer, C. M., Plant Physiol., 32, 42 (1957). 

. Mazta, D., The Harvey Lectures 1957-1958, Vol. 58, Academic 


Press, Inc., New York, 1959, p. 130. 


. THIMANN, K. V., Am. Naturalist, 90, 145 (1956). 


16 
17 
e 
e 
| 
| 
it 
te 
nt 
e, 
he 
se 
'y- 
to 
er 
he 
b- 
by 
ry 
rk 
be 
ion} 
ific 
of 
ted 
an 
was 
ulf- 
ced 
the | 
ally | 
for | 
9. 
60). 


Tue JOURNAL OF BIOLOGICAL CHEMISTRY 
Vol. 236, No. 2, February 1961 
Printed in U.S.A. 


Studies on the Metabolic Function of the 
Ferrichrome Compounds* 


Bruce F. BuRNHAMT AND J. B. NEILANDS 


From the Department of Biochemistry, University of California, Berkeley, California 


(Received for publication, August 22, 1960) 


Ferrichrome is a representative member of a group of microbial 
products which show very intense growth factor activity when 
tested with a small number of selected fungal and bacterial 
species (1). Some of the members of this group of compounds, 
e.g. aspergillic acid (2), nocardamin (3), and grisein (albomycin) 
(4), are potent antibiotics against certain strains of microor- 
ganisms. Although the ultimate physiological function of the 
ferrichrome compounds is unknown, there is considerable evi- 
dence that would implicate them as catalysts for the transport 
and metabolism of iron. The available information relevant to 
this point of view has been discussed elsewhere (1). 

In the present communication we wish to describe the natural 
distribution and some of the nutritional aspects of ferrichrome. 
In addition, results will be reported for certain studies on the 
physiology of a bacterial species which requires ferrichrome for 
growth. These experiments offer the first tangible evidence in 
support of the theory that ferrichrome functions as an iron- 
transporting agent in microbial metabolism. 


EXPERIMENTAL PROCEDURE 
Materials and Methods 


Several members of the genus Arthrobacter require ferrichrome, 
terregens factor, coprogen, or hemin as a growth factor (5). The 
microorganism used in this investigation was isolated from a 
soil sample by Greenberg and Barker! and has been tentatively 
classified by Starr? as Arthrobacter JG-9. Throughout the pres- 
ent work, this organism has been used both for studying the 
distribution of ferrichrome activity and for examining the 
physiology of a ferrichrome-deficient cell. Since Arthrobacter JG- 
9 responds to both hemin and ferrichrome!, cultures which were 
surveyed for the production of the latter factor were also 
checked for the presence of bound hydroxylamine. 

A generous supply of stock microbial cultures was furnished 
by Dr. Beverly Guirard of the Biochemistry Department of this 
university. 

Materials—Recrystallized samples of ferrichrome and _ ferri- 
chrome A were obtained from Ustilago sphaerogena fermenta- 
tions as previously described (6, 7). Protohemin IX was pur- 
chased from the Eastman Kodak Company, coprohemin III was 


* Abstracted from the Doctoral Dissertation of Bruce F. Burn- 
ham (University of California, Berkeley, 1960). This research 
was aided by a contract between the Office of Naval Research, 
Department of the Navy, and the University of California. 

+ Present address, Nobel Medical Institute, Biochemical De- 
partment, Stockholm 60, Sweden. 

1 J. Greenberg and H. A. Barker, unpublished results. 

2M. Starr, personal communication. 
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obtained by insertion of iron (8) into natural coproporphyrin 
III (9), and deuterohemin was prepared by the method of 
Fischer et al. (8). Protoporphyrin IX was obtained by removal 
of iron from blood hemin (8). Coprogen (10), terregens factor 
(11), grisein (4), nocardamin (3), mycobactin (12), and aspergil- 
lic acid (2) were gifts of Dr. B. L. Hutchings of Lederle Labora- 
tories Division, American Cyanamid Company; Dr. A. G. 
Lochhead of the National Research Council, Ottawa; Dr. F. A. 
Kuehl, Merck and Company; Dr. A Stoll, Sandoz Company, 
Basle; Dr. A. G. Snow of Imperial Chemical Industries, London; 
and Dr. J. D. Dutcher of E. R. Squibb and Sons, respectively. 
Acet-, benzo-, glycyl-, and N-methylacet- hydroxamic acids were 
obtained by synthesis from the corresponding esters (13). 

The radioactive iron was used as ferrous citrate, z.e. “‘Fer- 
rutope” from Squibb and Company; this material was kindly 
donated by Dr. Myron Polycove of the Donner Laboratory of 
this university. 


Growth Conditions 


All experiments on the nutrition and physiology of Arthro- 
bacter JG-9 were conducted after culturing the organism on ro- 
tary or reciprocal shakers at 30° in the basal medium, with added 
growth factor, described in Table I. The optimal pH for growth 
was found to be 7.6 to 7.8; at lower pH values the growth was 
sparse and was accompanied by production of copious amounts 
of porphyrin. 

Cellular Extracts—The washed cells were suspended in 15 ml 
of distilled water and subjected to a cycle of freezing and thaw- 
ing. After the addition of 5 ml of 2.56% (NH,4)2PQx,, the suspen- 
sions were sonicated for 15 minutes in a Raytheon 10 kc. soni- 
cator. The pH was adjusted to 7.0 and the cellular debris 
removed by centrifugation at 20,000 x g for 15 minutes at 5°. 


Assays 


Determination of Ferrichrome Distribution—A quantity of 250 
ml of sterile warm (40°) basal medium (see Table I) containing 
5 g of agar was seeded with 50 ml of a culture of Arthrobacter 
JG-9 which had been grown for 40 hours with 2 myg of ferri- 
chrome per ml. This mixture was poured into Petri plates and 
allowed to solidify. The surface of the agar was streaked with 
a culture of a test microorganism and the Petri plates were incu- 
bated at 30° for 48 hours. A halo of growth of Arthrobacter 
JG-9 surrounding the surface streak of the test culture was 
considered a positive response. 

Bound Hydrozylamine—The whole cultures, or washed cells 
therefrom, were tested for the presence of bound hydroxylamine 
by the method of Csaky (14). 
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Porphyrin Determination—Porphyrin concentration was meas- 
ured spectrophotometrically according to the procedure of With 
(15). 

Enzyme Assays—Catalase was determined by two different 
procedures. Cell-free extracts were assayed in a Beckman DUR 
recording spectrophotometer by the method of Beers and Sizer 
(16). The catalase activity of intact cells (resuspended in phos- 
phate buffer at pH 7.0) was determined by measuring the rate 
of H»O2 decomposition colorimetrically with the aid of titanium 
sulfate (Weil-Malherbe and Schade, 17). This seldom used 
procedure was found by comparison to be more convenient than 
other more common methods. The catalase activity of cell 
suspensions has been expressed in units of umoles of HO: de- 
composed per hour per mg of dry weight. 

Acetokinase was assayed by following the formation of ferric 
acethydroxamic acid as described by Rose (18), and 6-amino- 
levulinic acid dehydrase was measured by the Ehrlich reaction 
of porphobilinogen, as used by Mauzerall and Granick (19). 

The dry weights of cell suspensions were estimated by refer- 
ence to a standard curve relating the optical density at 650 my 
of washed cells to their dry weight. Total protein was de- 
termined by the ultraviolet spectrophotometric method of 
Kalckar (20). | 


RESULTS 


Distribution and Nature of Growth Factors 
for Arthrobacter JG-9 


Specificity of Ferrichrome as Growth Factor for Arthrobacter 
JG-9—The organism used in this investigation has an absolute 
requirement for a “‘ferrichrome-type” compound (N-substituted, 
i.e. secondary hydroxamic acid) (21) or hemin.' In the absence 
of one of these compounds, no growth is obtained on the basal 
medium (Table I) even after additional supplementation with 
yeast extract or peptone (up to 2%). 

Ferrichrome, which gave half maximal growth at a concentra- 
tion of 0.3 mug per ml, was the most active of all the compounds 
we have tested. Ferrichrome could be replaced by several 
other N-substituted hydroxamic acids including aspergillic 
acid, terregens factor, coprogen, nocardamin, mycobactin, and 
grisein (albomycin). The concentrations of these natural prod- 
ucts required to give approximately half maximal growth were 
0.7, 0.004, 0.007, 10, 0.008, and 3 wg per ml, respectively. Simple 
(i.e. primary) synthetic hydroxamic acids such as acet-, benzo-, 
glycyl-, and N-methylacet- hydroxamic acids were completely 
inert, nor could any activity be detected in a rigorously purified 
specimen of ferrichrome A. 

Protohemin IX and coprohemin III gave half maximal re- 
sponse at 80 and 100 mug per ml, respectively. These two hemins 
canhence be considered nutritionally equivalent ona weight basis. 
Hemin c and hematohemin were also active, but deuterohemin 
gave only a very slight response, and protoporphyrin LX did not 
Support growth at any concentration tested. 

Survey of Stock Cultures for Production of Ferrichrome Activity— 
According to present information, ferrichrome-type compounds 
are required for growth by only a small number of microbial 
species. The known members in this category are Arthrobacter 
terregens, Arthrobacter flaviscens (22), Mycobacterium johnei 
(12), Pilobolus kleinii (10), Microbacterium lacticum 8181 (23), 
and Arthrobacter JG-9! used in the present work. It was hence 
of special interest to determine whether the growth factor re- 


B. F. Burnham and J. B. Neilands 555 


TABLE I 
Composition of basal medium for growth of Arthrobacter JG-9 


Trace elements were added in the following amounts per liter: 
copper, 0.005 mg; manganese, 0.035 mg; zinc, 2 mg; and iron, 5 
mg. 


Compound _Compound 
< < 
g g 
Potassium sulfate.......... 1 || Peptone............. 
Potassium dihydrogen Citeie 1 
phosphate................ 3.9} Casamino acids.......... 1 
Ammonium acetate......... 3 || pL-Tryptophan.......... 0.1 
Sodium lactate............. 5 | Potassium nitrate........ 1 
Magnesium sulfate-7H:0...' 0.8 Deionized water to 1 li- 


quirement of these microorganisms was a unique feature of their 
metabolism or whether, on the other hand, growth factors of the 
hydroxamate type were commonly produced by microorganisms. 
From the results recorded in Table II, it is evident that these 
substances are produced by a large number of species. 

Survey of Stock Cultures for Presence of Bound H ydroxylamine— 
Since a growth response by the Arthrobacter JG-9 could be at- 
tributed to either a ferrichrome-type compound or hemin, the 
stock cultures were analyzed for the presence of bound hydroxyl- 
amine. From the results reported in Table II, it is apparent 
that all but two of the cultures tested gave a positive test for 
hydroxylamine, as well as for ferrichrome activity. 


Physiological Characteristics of Arthrobacter JG-9 


Iron Content as a Function of Ferrichrome Nutrition—Fig. 1 
illustrates the degree of iron uptake by Arthrobacter JG-9 growing 
at five different concentrations of ferrichrome in the basal 
medium containing Fe*® as the iron source. It is evident from 
these data that the capacity to incorporate iron is dependent on 
the ferrichrome supply. At low levels of ferrichrome, the iron 
uptake roughly parallels cell yield; after growth-saturating 
concentrations of the factor have been added, the organism 
apparently can accumulate an excess of iron. 

Catalase Activity as a Function of Ferrichrome Nutrition— 
When Arthrobacter JG-9 was grown at different concentrations 
of ferrichrome, the catalase activity per unit of dry weight of 
cell material usually was strongly affected. This result, how- 
ever, was not obtained consistently, and it was ultimately dis- 
covered that the effect is dependent on a number of variables. 
The factors which are important in determining the amount of 
catalase in the cells are: (a) ferrichrome concentration in the 
growth medium, (6) population density, and (c) age of the culture. 
Fig. 2 demonstrates this relationship. 

The catalase activity of cells grown at different concentrations 
of ferrichrome remains about equal and constant during the 
early stages of growth. As the population density increases, 
the available ferrichrome becomes diluted out and the catalase 
activity begins to decline several hours before growth is meas- 
urably impaired. The lower the initial concentration of ferri- 
chrome, the earlier the decline in catalase activity appears. 

When Arthrobacter JG-9 was cultured with 1 myg of ferri- 
chrome per ml, the growth rate after 48 hours became very slow 
and the catalase activity per unit of dry weight decreased to a 
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TaBLeE II 
Presence of ferrichrome activity and bound hydroxylamine in stock cultures 
Organism | Organism 

Pseudomonas species BB........................ shoe ao Escherichia coli M-113-33........................ + 
Pseudomonas ++ + Saccharomyces Cerevisiae...... + 
Pseudomonas species SW........................ + Aerobacter + 
Clostridium cylindrosporum...................... Pseudomonas species + 
Methanobacter T Pseudomonas species + 
Escherichia coli M 26-18......................... ++ t Aerobacter suborydans...........00000ceeeeeeeeee _ 


*+++,++,+,and — = strong, medium, weak, and zero response, respectively. 


Tt Not tested. 


T T T 
—e 
3b 42000 
> 
—='500 
: 
© 
= © CPM/mg 1000 
@ mg celis/mg = 
ra 
O | 2 3 4 S 10 


FERRICHROME 


Fic. 1. Growth and radioactive iron content of Arthrobacter 
JG-9 as a function of ferrichrome concentration. The organism 
was cultured at five concentrations of ferrichrome in the basal 
medium with Fe? as the iron source. After 60 hours at 30°, the 
growth was measured, the cells removed by centrifugation and 
washed until the value in c.p.m. per mg of cells became constant. 


fairly low level (see Fig. 2). The addition of ferrichrome at this 
stage, as shown in Fig. 3, resulted in a rapid appearance of 
catalase activity. 

Failure of Control Enzymes to Respond to Ferrichrome Treat- 
ment—The experiments described above do not determin- 
whether ferrichrome functions more or less specifically in pro- 


Dry Weight of Cells mg/ml 
Catalase activity moles H.O2 hr/mg 


Age of Culture— Hours 
Fic. 2. Growth curve and catalase activity at two ferrichrome 
concentrations. Arthrobacter JG-9 was cultured in the basal me- 
dium supplemented with ferrichrome to give a final concentration 
of either 1 mug per ml (O) or 10 mug per ml (@). Growth 
(- ---) and catalase activity per mg (——) were measured at the 
time intervals shown in the figure. 


moting the appearance of increased catalase activity or whether it 
acts in the capacity of a general “tonic” for metabolic processes. 


Hence the activities of two control non-heme enzymes, acetokin- 
ase and §-aminolevulinic acid dehydrase, were measured (together 
with catalase) in the supernatant extract of deficient cells which 


had been treated with an excess of ferrichrome for a brief period. : 
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Time in Hours 

Fic. 3. Increase in catalase activity and dry weight after ad- 
ministration of ferrichrome to a deficient culture of Arthrobacter 
JG-9. The organism was cultured in the basal medium supple- 
mented with ferrichrome to give a final concentration of 1 myg 
perml. After 48 hours at 30°, the cells were removed by centrifu- 
gation and resuspended in media of the following composition: 
basal medium + 100 mug of ferrichrome per ml (@), basal medium 
alone (@), and 1% glucose in isotonic saline buffer pH 7.7 + 100 
mug of ferrichrome per ml (A). The catalase activity per mg of 
dry weight (——) and the growth of the cells in the basal me- 
dium + ferrichrome (- - ——) were measured at the time intervals 
shown. 


A culture of Arthrobacter JG-9 that had been grown for 48 
hours at a ferrichrome concentration of 1 mug per ml was divided 
in half. Ferrichrome was added to one half to give a final con- 
centration of 100 mug per ml. Both cultures, 2.e. the ferrichrome- 
treated portion and the control, were incubated for an additional 
3 hours, and extracts were then prepared from the washed, soni- 
cated cells. 

Aliquots of the same cultures were used for determination of 
catalase activity in both intact cells and in the supernatant 
portion of sonicates prepared therefrom. 

The results given in Table III show that in the case of ferri- 
chrome treatment, catalase activity increased more than 20-fold 
whereas the specific activities of the two control enzymes re- 
mained essentially constant. 

Porphyrin Biosynthesis by Ferrichrome-Deficient Cells—Since 
the failure of ferrichrome-deficient cells to synthesize catalase 
could be explained by a block in the porphyrin biosynthetic 
pathway, the following experiment was executed. Arthrobacter 
JG-9 was grown for 40 hours on 1 myg of ferrichrome per ml. 
A 300-ml volume of culture was centrifuged at 5°, the cells were 
washed once with sterile distilled water and resuspended in 45 
ml of fresh medium which had been rendered nitrogen-free by 
omission of casamino acids, tryptophan, cysteine, and ammo- 
nium salts. A quantity of 5 ml of 1.8 x 10-?m 6-aminolevulinic 
acid was added to this suspension and the pH adjusted to 7.5. 
The cell suspension was then divided into eight aliquots. Ferri- 
chrome was added to four aliquots to give final concentration of 
100 mug per ml. These suspensions were incubated for 7 hours 


at 30° and the total porphyrin extracted and analyzed in the 
usual way. 

The results, shown in Table IV, indicate that ferrichrome 
deficiency does not adversely affect the synthesis of total por- 
phyrin under these conditions. 

Stimulation of Catalase Activity by Ferrichrome-Replacing 
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Factors—Since ferrichrome can be nutritionally replaced (see 
above) by compounds with somewhat different structures, the 
following possibilities are evident: (a) the compound in question 
might be a precursor of ferrichrome, (b) ferrichrome might be a 
precursor of the second compound, or (c) the substitute com- 
pound might be able to perform the same function as ferrichrome 
because a partial structural resemblance has permitted the vari- 
ous molecules to be utilized interchangeably. Four of the 
compounds that have growth-promoting activity and whose 
structures have been established are nocardamin (24), aspergillic 
acid (25), mycobactin (26), and ferrichrome. Except for the 
common structural feature, R—CO—N(OH)—R’, these mole- 
cules have nothing in common that would indicate that any one 
is the precursor of the other. All the remaining ferrichrome- 
replacing compounds for which the structure has not yet been 
determined have been examined by the periodate reaction (27) 
and found to contain at least one secondary hydroxamate group- 
ing. 

In order to examine the physiological significance of the 
secondary hydroxamate structure, the catalase activity per mg 
of dry weight of whole cells during the log phase was determined 
when Arthrobacter JG-9 was grown on some ferrichrome-replacing 


TaBLeE III 


Enzyme activities in extracts of ferrichrome-deficient Arthrobocter 
JG-9 after treatment of whole cells with ferrichrome 


Enzyme specific 
activities 
- | 6Amino- 
Sonicated extract Acetoki- | jevulinic 
nase 
dehydrase 
Catalase 


Ferric hy- | Porpho- 
'droxamate | bilinogen 


umoles/hr/mg protein | Kat. f. 
From ferrichrome-treated cells. ...... 1.41 | 0.29 572 
From control cells.................... 1.39 | 0.21 26 


TaBLe IV 


Effect of ferrichrome treatment on porphyrin biosynthesis 
in ferrichrome-deficient Arthrobacter JG-9 
Cell suspensions of ferrichrome-deficient Arthrobacter JG-9 were 
incubated for 7 hours in the presence of 1.8 X 107? m 6-amino- 
levulinic acid with and without added ferrichrome. Total por- 
phyrin was extracted and then determined spectrophotometri- 
cally. 


Experiment Total porphyrin 
mu g/ml 
With 100 mug of ferrichrome/ml 
Without ferrichrome (control) 
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TABLE V 
Catalase activity of Arthrobacter JG-9 grown 
on ferrichrome-replacing compounds 
Catalase activity was determined on washed suspensions of 
whole cells harvested during the log phase of growth. 


Growth factor Concentration 
l 


TABLE VI 


Effect of nocardamin treatment on catalase activity 
in nocardamin-deficient Arthrobacter J G-9 

A preparation of washed cells, obtained from a culture that had 
been grown on a limiting concentration of nocardamin, was sus- 
pended in fresh sterile basal medium with nocardamin added at 
a level of 80 mug per ml. At the same time an equal volume of 
sterile distilled water was added to the control. The suspensions 
were incubated at 30° and analyzed periodically for dry weight 
and catalase activity. 


Dry weight Catalase activity 
Time : 
| Control Control 
min mg/ml pmoles H2O2/hr;mg 
0 3.3 3.3 9.6 9.6 

20 3.3 12.5 

40 3.3 13.6 

60 3.4 3.5 20.4 6.1 
120 4.1] | 17.8 
720 7.5 4.0 | 10.2 4.4 

TABLE VII 


Comparison of catalase activity in ferrichrome-deficient Arthrobacter 
JG-9 after treatment with some nutritionally 
active and inactive hydroxamic compounds 
The hydroxamic compounds were added to ferrichrome-defi- 
cient cells suspended in sterile basal medium. Sterile distilled 
water was added to the control. 


Catalase activity 
Hydroxamic compound 
0 hr 4hr 10 hr 

myug/ml umoles H2O2/hr/mg 
100 2.5 | 13.1 32 
100 2.5 1.9 1 
N-Methylacethydroxamic acid...... 2.4 | 2.5 1 
N-Methylacethydroxamic acid...... 240 2.5 1.3 1 


compounds. The results, as shown in Table V, demonstrate 
that all the nutritionally active compounds give cells which 


display a relatively uniform catalase activity. Thus, at least 
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the catalase activity of ferrichrome-deficient cells. 
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in this respect, the cells are physiologically identical and inde- 
pendent of the nature of the growth factor employed, even though, 
as we have already seen, the latter are required at quite different 
levels and are of very different chemical constitution. 

The metabolic response of Arthrobacter JG-9 to ferrichrome- 
replacing compounds was further studied by culturing the 
microorganism at a limiting concentration of nocardamin in an 
experiment strictly analogous to that shown in Fig. 1. The 
results show that treatment of nocardamin-deficient cells with 
nocardamin, just as treatment of ferrichrome-deficient cells with 
ferrichrome, gives a rapid increase in catalase activity (Table 
VI). 

We have already noted the nutritional inactivity of the syn- 
thetic substances acet-, benzo-, glycyl-, and N-methylacet- hy- 
droxamic acids, as well as the naturally occurring secondary 
hydroxamice acid, ferrichrome A. It seemed possible that these 
products, although unable to support growth, might stimulate 
This possi- 
bility, however, has been ruled out by the data shown in Table 
VIL. 


DISCUSSION 


The nutritional experiments with Arthrobacter JG-9 demon- 
strate that there are only two known classes of compounds which 
act as growth factors for this organism, 1.e. certain naturally 
occurring secondary hydroxamic acids or a hemin compound. 

The list of active nonhemin compounds includes a number of 
products which have been characterized by previous investigators 
as hydroxamic acids. The work of Emery (21, 28) has estab- 
lished that ferrichrome is also a ferric hydroxamate; in addition, 
he showed that grisein (albomycin) and terregens factor probably 
should also be included in this group. 

In experiments reported in detail elsewhere (29), it was found 
that ferrichrome exerts a sparing action on the inorganic iron 
requirement of Arthrobacter JG-9. The iron of ferrichrome is 
in equilibrium with the inorganic iron of the medium and is 
hence available to the organism. By working at very low levels 
of inorganic iron and various fixed ferrichrome concentrations, 
it was possible to show that a given increment of inorganic iron 
provides much better growth at a higher level of ferrichrome. 
This result indicates a more efficient use of the available iron 
when the ferrichrome supply is in relative excess. 

The failure of simple synthetic primary or secondary hydrox- 
amic acids or ferrichrome A to satisfy the nutritional require- 
ments of Arthrobacter JG-9 suggests that the active substances 
are either selectively permeable to the cell or are involved in an 
enzymatic reaction. A simple explanation which can be ad- 


vanced is that the transfer of iron from these secondary hydroxa- _ 


mates to the iron acceptor(s) is an enzyme-controlled process. 

The relative nutritional inactivity of ferrichrome A has been 
noted previously (1). 
ously purified specimen of ferrichrome A did not display any 
detectable activity. It may be significant that ferrichrome A, 
the form produced in abundance by Ustilago sphaerogena under 
conditions of iron deprivation, is also a more stable ferric co- 
ordination compound which is of more or less exclusive value to 


the parent organism. Although the ligand properties of reduced | 


ferrichrome A (28) are similar to those of ferrichrome, the 


hydrogenated product is again without growth activity (29). It — 


remains to prepare and test a sample of reduced and esterified 
ferrichrome A. 
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In the case of Arthrobacter JG-9, a rigor- — i 
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Two comments should be made about the nutritional activity 
of the hemin compounds. In the first place, the requirement 
for hemin is always approximately 10° times greater than for 
ferrichrome on either a weight or molar basis. Thus it seems 
very probable that, given catalytic amounts of ferrichrome, 
Arthrobacter JG-9 can synthesize its total hemin requirement. 
This proposition is further supported by the observation that 
the list of biologically active hemins is restricted to those which 
can conceivably give rise to protohemin. 

The widespread distribution of ferrichrome-type compounds 
in microorganisms is apparent from the present study, as well as 
from the recent data of Bickel et al. (30). It is also of interest 
to note that the two ferrichrome-requiring organisms, Arthro- 
bacter flaviscens and Arthrobacter terregens, both gave negative 
tests for bound hydroxylamine. There is as yet no clear-cut 
evidence that these substances occur in animal tissves. 

The observation that the Fe*® content per unit of dry weight 
of Arthrobacter JG-9 is directly proportional to the ferrichrome 
supply lends additional support to the iron transfer hypothesis. 
Unfortunately, the very small amount of total hemin present in 
Arthrobacter JG-9 rendered impossible a direct analysis for this 
substance. The extreme sensitivity of the analytical methods 
solved this problem in the case of Fe5* and catalase. A series of 
control experiments proved that ferrichrome itself does not 
exhibit any significant catalase activity. 

It is difficult, in view of the total structure of ferrichrome 
recently proposed by Emery (28), to imagine any physiological 
role for these compounds other than that of iron sequestration 
and transfer. It remains, however, to demonstrate this reaction 
in a system in vitro. For this purpose it may be preferable to 
work with an artificial mutant of a ferrichrome-producing or- 
ganism, since the very limited iron requirement and metabolism 
of Arthrobacter JG-9 enable this organism to grow on corre- 
spondingly low levels of ferrichrome. 


SUMMARY 


The Arthrobacter JG-9 isolated from soil by Greenberg and 
Barker! has been found to require for growth certain natural 
secondary hydroxamic acids or a hemin compound. Nutrition- 
ally active substances, probably of the ferrichrome (i.e. hy- 
droxamate) type, were shown to be widely distributed in micro- 
organisms. The iron and catalase content of Arthrobacter JG-9 
was found to be dependent on the state of ferrichrome nutrition. 
In ferrichrome-deficient cells, the specific activities of two control 
enzymes (acetokinase and 6-aminolevulinic acid dehydrase), as 
well as the capacity to synthesize total porphyrin, remained 
unimpaired. The addition of ferrichrome to ferrichrome-deficient 
Arthrobacter JG-9 resulted in a rapid and very substantial in- 
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crease in the catalase activity per mg of dry weight. All these 
results support the conclusion that ferrichrome functions as an 
iron transport agent in microbial metabolism. 
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The identity of the major cobamide in liver has not been sat- 
isfactorily established. Cyanocobalamin (vitamin By, 5,6- 
dimethylbenzimidazolyleobamide cyanide), which has been ob- 
tained in crystalline form with liver as a source material (1, 2), 
is certainly a very minor component of the cobalamins in liver. 
Analyses of liver concentrates, both by a paper chromatographic- 
bioautographic method (3) and by a chemical method (4), have 
shown that cyanocobalamin is usually not present in detectable 
amounts and seldom constitutes as much as 10% of the total 
cobalamin. The preparation of cyanocobalamin from liver 
probably was made possible by the presence of cyanide in the 
charcoal used in the. isolation process. Examination of a liver 
extract by the chromatographic-bioautographic method (3) 
indicated that hydroxocobalamin (vitamin Bi», 5,6-dimeth- 
ylbenzimidazolyleobamide hydroxide) was the most abundant 
cobalamin. This compound was also obtained in pure form 
from liver (1, 5). However, the recent discovery of the cobam- 
ide coenzymes in bacteria (6, 7) and the demonstration that they 
constitute a large part of the total cobamides in these organisms 
(8, 9) raised the possibility that coenzyme By (5,6-dimethylben- 
zimidazolyleobamide coenzyme, DMBC coenzyme, DBC co- 
enzyme) may be a constituent of liver. Since coenzyme Bu, like 
the adenyleobamide coenzyme (10), is relatively unstable and 
is readily converted to hydroxocobalamin or cyanocobalamin by 
treatment with light or cyanide,! respectively, the inadvertent 
decomposition of the coenzyme, if present in liver extracts, could 
account for previous observations on the occurrence of the two 
cobalamin vitamins. 

The present paper reports some observations on the occurrence 
and abundance of a cobamide coenzyme, which has been iden- 
tified as coenzyme Buy, in livers of rabbit, chicken, sheep, and 
man. A brief report of the occurrence of coenzyme By in rabbit 
liver has already appeared (7). 


EXPERIMENTAL PROCEDURE 


Biological Material—Chicken and rabbit livers were obtained 
from laboratory animals. Sheep (lamb) liver was obtained from 


the slaughter house. The human liver was from a man, aged 72, | 


who died suddenly of a coronary occlusion. The livers were 


generally stored at —10° until used. 

Physical Methods—Absorbancy measurements were made with 
a Beckman model DU spectrophotometer equipped with a 
photomultiplier with silica cells and a 1-ml volume and 1-cm 


* This investigation was supported in part by research grants 
from the National Institutes of Health (E-563), United States 
Public Health Service, and the National Science Foundation (G- 
7500), and a research contract with the Atomic Energy Commis- 
sion. 

1 J. N. Ladd and H. A. Barker, unpublished observations. 


light path. Absorption spectra were recorded with a Cary model 
14 spectrophotometer. Fluorescence properties were deter- 
mined with an Aminco- Bowman _§spectrophotofluorometer 
equipped with a photomultiplier-microphotometer and a Moseley 
X-Y recorder. Turbidity of bioassay cultures was measured 
with a Klett-Summerson colorimeter with a green filter. Radio- 
activity of Co® was measured with a Geiger-Miiller counter. 
The sample, dissolved in 1.0 ml of water, was placed in a metal 
planchet 2.4 cm in diameter. 

Bioassay Method—The total cobamides and cobinamides that 
support the growth of Escherichia coli 113-3 were determined by 
the tube assay with Burkholder’s medium (11) as modified by 
Ford et al. (12). 

Preparation of Cobalt®-labeled Coenzyme Bix—Propionibac- 
terium shermanit ATCC 9614 was grown in 10 ml of a medium 
containing 1 g of Difco yeast extract and 1 g of sodium lactate 
per 100 ml of distilled water. After incubation at 30° for 48 
hours, 5 ml of the culture were used to inoculate a medium con- 
taining 1 g of Difco yeast extract, 1 g of glucose, 0.5 g of CaCQ,, 
and 50 ml of distilled water in a 100-ml flask. After incubation 
at 30° for 48 hours, this culture was used to inoculate a medium 
containing 15 g of glucose, 12.5 g of Difco yeast extract, 10 g of 
CaCOs, 20 ml of 1 M potassium phosphate buffer pH 7.0, 1.0 ml of 
1 m MgSO,, 1.0 ml of 0.1 m FeSQ,, 0.5 ml of 10-* m CoCh, 5.0 ml of 
0.04% phenol red solution, 400 ml of distilled water, and approxi- 
mately 1 me of carrier-free Co*Cl: contained in a 1-liter flask. 
The glucose was autoclaved separately. After all additions had 
been made, sterile 20% NazCOs3 was added aseptically until the 
phenol red indicator was orange (pH 7.4). The culture was 
incubated under semianaerobic conditions at 30° for 8 days. The 
pH was readjusted to approximately 7.4 twice a day by addition 
of 20% sodium carbonate solution; a total of 162 ml were added 
during the 8 days of incubation. On the third, fifth, and seventh 
days, acid production stopped because the glucose supply had 
been exhausted. On each of these days, 50 ml of a sterile 30% 
glucose solution were added to the culture. On the fourth day, 
an additional 0.5 umole of CoCle was added. 

The cells were collected by centrifugation on the eighth day. 
The Co®-labeled coenzyme was isolated by the method previ- 
ously described (9), except that the final product was not crystal- 
lized. The yield was 0.2 umole of coenzyme Biz containing 
approximately 0.2 me of Co®. Behavior of the product in paper 
chromatography, paper ionophoresis, and ion exchange chro- 
matography on a Dowex 50 column indicated that it did not 
contain significant amounts of Co®-labeled impurities. 


PURIFICATION OF COENZYME FROM LIVER 


The purification procedure is a modification of that used to 
isolate cobamide coenzymes from bacteria (9). 
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required because of the relatively small amount of cobamide and 
the large quantity of lipids in liver. Co®*-labeled coenzyme By, 
was added at an early stage of the purification to serve as an 
indicator of the location of the coenzyme. 

All operations, unless otherwise specified, were carried out at 
room temperature in very dim light. 

Acetone powder—Fresh or frozen liver (1 Kg) was cut into 
small chunks. Batches (500 g) were homogenized with 1 liter of 
acetone at room temperature in a large Waring Blendor for 5 
minutes at high speed. The suspension was filtered through 
Whatman No. 1 paper on a large Buchner funnel. The solid 
residue was homogenized with 1 liter of ethyl ether for 3 minutes 
in the blender. The suspension was again filtered with suction 
and washed with 200 ml of ether on the funnel. The solid resi- 
dues from the two batches were combined, dried in a stream of 
air at room temperature, and weighed. 

Ethanol Extraction—The dry powder, weighing approximately 
300 g, was homogenized with 1 liter of hot 80% (volume per 
volume) ethanol in a blender for 2 minutes. The suspension was 
transferred with washing to a 2-liter beaker and heated near the 
boiling point for 20 minutes. A tracer amount of Co®-labeled 
coenzyme By: (6 XK 10-4 umole, 10‘ c.p.m.) was added at this 
point. The suspension was cooled in ice and filtered through 
Whatman No. 1 paper with suction. The solid residue was 
homogenized once more with 1 liter of 80% ethanol, heated for 
15 minutes, cooled, and filtered. The combined ethanol filtrate 
was concentrated to 250 ml in a rotary flush evaporator at 40° to 
remove ethanol. The remaining aqueous solution contained a 
milky suspension of phospholipids. 

Ether Extraction—The aqueous solution was extracted three 
times with equal volumes of ether in a separatory funnel to re- 
move lipids, and the ether phase was discarded. The aqueous 
phase, after removal of dissolved ether by evaporation in a vac- 
uum to 100 ml, was clear and orange in color. 

Passage through Dowex 2-OH—The solution was passed through 
a 2.1-em diameter X 18-cm high column of Dowex 2-OH, 50 to 
100 mesh, 8% cross-linked, at a flow rate of 1 ml per minute, and 
the column was then sucked free of liquid. 

Phenol Extraction — The effluent solution was distributed 
among four or five conical, glass-stoppered 40-ml centrifuge tubes. 
The solution was saturated with phenol and then was extracted 
five times with 1-ml volumes of 85% (weight per weight) phenol. 
The tubes were centrifuged to break the emulsion after each 
shaking. An equal volume of ether was added to the combined 
phenol phase, and the mixture was extracted five times with 1-ml 
volumes of water. The combined aqueous phase was washed 
four times with equal volumes of ether to remove phenol, and the 
ether phase was discarded. Dissolved ether was removed by 
bubbling nitrogen gas through the aqueous solution. 

Passage through Dowex 50-Na+t—The solution was adjusted to 
pH 7.0 and was passed through a 6-mm diameter X 6-cm high 
column of Dowex 50 in the sodium form, 200 to 400 mesh, 2% 
cross-linked, at a rate of 1 ml per minute. 

Fractionation on Dowex 50, pH 3—The solution was then 
adjusted to pH 3.0 with 1 n hydrochloric acid and was placed on 
a 6-mm diameter X 6-cm high column of Dowex 50-W, 200 to 
400 mesh, 2% cross-linked, which had been previously adjusted 
to pH 3(8). The column was washed with water and eluted 
with sodium acetate buffers as indicated in Fig. 1. The column 
was operated at room temperature under air pressure of 1 to 2 
pounds per sq in at a flow rate of 2 ml per 5 minutes. The 2-ml 
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fractions were collected manually, and the elution pattern was 
followed by absorbancy and radioactivity measurements with 
1-ml aliquots. The fractions containing the radioactivity peak 
were combined, and the coenzyme was concentrated by extracting 
through phenol and back into water. The spectrum of the 
resulting solution was recorded, and coenzyme activity in the 
glutamate isomerase system was compared with that. of crystal- 
line coenzyme Bi: (8). 

Method of Isolation and Identification of Dimethylbenzimidazole— 
A sample containing approximately 0.09 umole of coenzyme from 
human liver was made 0.1 m with potassium cyanide and left at 
room temperature for 2 hours. The pH was adjusted to 3.0 
with hydrochloric acid, and the solution was passed through a 
6-mm diameter < 2-cm high column of Dowex 50, pH 3.0. The 
absorption spectrum of the solution was identical with that of 
vitamin By. The solution was made 6 N with hydrochloric acid, 
sealed in a vacuum in a glass tube, and heated at 150° for 20 
hours. After removal of excess hydrochloric acid by evaporation 
to dryness over sodium hydroxide in a vacuum at 37°, the residue 
was taken up in 2.0 ml of 0.1 N hydrochloric acid and extracted 
twice with 2-ml volumes of chloroform. The chloroform extracts 
were discarded. The water phase was made 0.1 N with respect 
to sodium hydroxide by addition of 0.15 ml of 2.5 n NaOH and 
was extracted six times with 1-ml volumes of chloroform. The 
chloroform was evaporated in a stream of nitrogen and the residue 
was taken up in 1.0 ml of 0.1 N hydrochloric acid. 

The fluorescence spectra of a suitable aliquot of the product 
were determined in 0.1 N acetic acid. The absorption spectra 
were determined in both 0.1 nN HCl and 0.1 Nn NaOH. The 
quantity of 5,6-dimethylbenzimidazole recovered was calculated 
from the absorbancy at 283 my of the solution in 0.1 n HCl and 
the molar absorbancy index of 8100 cm? per mole. 


RESULTS 


A typical elution pattern of a liver coenzyme preparation from 
a Dowex 50, pH 3 column is shown in Fig. 1. Most of the red 
color of this human liver preparation and most of the Co*%, 
added as Co®-labeled coenzyme Bis, were eluted together in the 
position characteristic of the cobamide coenzymes containing a 
benzimidazole derivative. A small amount of Co® appeared 
also in the solution passed through the column. This represents 
a neutral or acidic decomposition product of the labeled coenzyme 
Biz. No red color was detected in this region, indicating that no 
substantial amount of cyanocobalamin was present in the prep- 
aration. A small amount would have been concealed by the 
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Fig. 1. Separation of coenzyme from human liver on a Dowex 
50 column. The preparation, composition, and operation of the 
column are described in the text. The column was eluted with 
water or sodium acetate buffers as indicated at the top of the 
figure. 
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yellow impurity eluting in the same position. Any hydroxo- 
cobalamin in the preparation would have remained on the column 
after the coenzyme was eluted. No effort was made to recover 
this compound. 

All the preparations gave similar elution patterns, although 
the amounts and eluting positions of the impurities varied some- 
what. 

Table I summarizes the quantitative results on the isolation of 
cobamide coenzymes from the livers of four animal species. The 
last line of the table gives the relative molar activity of each 
preparation in the glutamate isomerase assay. 

The absorption spectra of the final coenzyme preparations are 
shown in Fig. 2. 

The properties of the base recovered from the coenzyme 
derived from human liver, after cyanide treatment and hydroly- 


TABLE I 
Isolation of cobamide coenzyme from liver — 
Lamb | Human | Chicken | Rabbit 
(1000 g) | (1000 g) | (393g) | (250g) 
umole pmole umole umole 
Total cobamide recovered* 
After ethanol extraction...... 0.27 | 0.24 | 0.040 
After ether extraction. ....... 0.27 | 0.20 | 0.044 
After passage through Dowex 
0.28 | 0.19 | 0.031 
After concentration through 
After elution from Dowex 50, 
0.16 | 0.17 | 0.016 
Coenzyme recoveredf........... 0.128 | 0.135 | 0.0174 | 0.015. 
Relative molar activity{........ 0.83 | 0.71 | 1.25 1.5 


* Determined by the EZ. coli bioassay and expressed as wmoles 
of cyanocobalamin. 

+ Calculated from the absorbancy at 520 my and the molar ab- 
sorbancy index of 8.0 X 10° cm? per mole. 

t The ratio obtained by dividing the molar activity (AA per 
minute per umole) of the coenzyme preparation by that of crys- 
talline coenzyme Biz. The relative molar activity of coenzyme 


Bie is 1.00. 
ABSORPTION SPECTRA OF COBAMIDE COENZYMES FROM LIVER 
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Fic. 2. Absorption spectra of cobamide coenzyme preparations 
from liver in 0.01 mM potassium phosphate buffer pH 6.4. The 
approximate concentrations of the coenzyme solutions, estimated 
from the absorbancies at 522 my (9) are as follows: 1. 1.2 * 107-5 
M; 2.3.4 K 10-'m; 3.2.1 K 10-5; 4.1.4 10-5 8. 7.5 X M. 
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sis, were identical with those of 5,6-dimethylbenzimidazole. 
The wave length of maximal fluorescence was 382 my and that of 
maximal fluorescence activation was 285 my. The absorbancy 
maxima were at 274 and 284 mu in acid and at 281 and 288 mu 
in alkaline solution. The dimethylbenzimidazole was recovered 
in 93% yield based upon the amount of cyanocobamide used for 
acid hydrolysis. The bases present in the other coenzyme prep- 
arations were not examined by chemical methods. 


DISCUSSION 


The isolation procedure was designed to give a coenzyme prep- 
aration of sufficient purity to permit characterization of the co- 
enzyme with a reasonable degree of certainty. No serious at- 
tempt was made to remove all contaminating materials. As a 
result, the purity of the various preparations differed consid- 
erably. 

Comparison of the absorption spectra of the preparations with 
that of crystalline coenzyme By. (Fig. 2, Sample 4) indicates that 
the chicken liver preparation was more heavily contaminated 
with ultraviolet light-absorbing impurities than were the other 
preparations. The spectrum of the chicken preparation shows 
an absorbancy maximum at about 520 my and gives an indica- 
tion of a shoulder at about 495 my. These features are char- 
acteristic of cobamide coenzymes containing a benzimidazole 
derivative. It should be noted that cyanocobalamin has two 
absorbancy maxima at 520 and 550 my, the latter being the 
higher. Consequently even the fragment of the spectrum above 
460 my readily distinguishes the coenzyme from the vitamin. 
The lamb and human liver preparations show characteristic 
spectral properties of the coenzyme in the visible region and 
down to at least 340 mp. The spectrum of the human prepa- 
ration, in addition, shows the inflection at 288 mp which is 
specifically indicative of coenzyme Bi (9). The spectrum of the 
rabbit liver preparation shows all of the above features plus a 
shoulder at 260 my which is indicative of the corresponding 
absorbancy peak of the pure coenzyme. In summary, the 
spectra show that thetamb, human, and rabbit preparations, and 
probably also the chicken preparation, contain a cobamide co- 
enzyme having a benzimidazole derivative; the inflection at 


about 288 muy indicates that in the human and rabbit prepara-— | 


tions, the base is probably 5,6-dimethylbenzimidazole. 

The spectral evidence for coenzyme By in the human prepara- 
tion is confirmed by the isolation in good yield and the characteri- 
zation of 5,6-dimethylbenzimidazole as a product of acid hy- 
drolysis. Such direct evidence for the specific identitiy of the 
coenzyme in preparations from other animals was not obtained. 
In these cases, specific identification is based largely on the rela- 
tive molar activities of the preparations in the enzymatic assay 
(Table I). 

The molar activities of all the preparations are the same, 
within the experimental error of the method, as that of crystalline 
coenzyme By. The experimental error in the determinations 
with lamb, human, and chicken preparations was about +25%. 
With the rabbit preparation, the molar activity determination 
was done on a different occasion, with a less reliable standard; 
the experimental error could have been +50%. Despite these 
uncertainties, the observed relative molar activity values pro- 
vide strong evidence that all the preparations contained coen- 
zyme Bi. The other known cobamide coenzyme analogues 
containing a benzimidazole derivative have molar activities 
from 25 to 80 times larger than that of coenzyme Bi: (13). 
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The recovery of total cobamide in the final fraction was rea- 
sonably high with the three preparations for which the yields 
could be calculated from bioassay data, varying from 41% for 
the chicken liver preparation to 73% for the human liver prepa- 
ration. The coenzyme recovery, based on the absorbancy at 
520 my, was of the same order of magnitude, ranging from 43 to 
56% of the initial total cobamide. These yields may be a little 


- high because they would be increased by any impurities ab- 


sorbing at 520 mu. However, the absence of any large amount 
of such impurities is indicated, especially for the lamb and human 
liver preparations, by the absorption spectra (Fig. 2). Also the 
relative molar activity values, which are based upon coenzyme 
concentration estimated from the absorbancy at 520 muy, suggest 
that inactive impurities do not exceed 29% and are generally 
lower. By making corrections both for possible impurities in the 
coenzyme preparations, reflected by the deviation of the relative 
molar activity values from unity, and for the loss of total co- 
bamide between the ethanol extraction and the concentration 
through phenol steps, we may conservatively conclude that at 
least 48, 53, and 72% of the total cobamide in the ethanol ex- 
tracts of lamb, human, and chicken livers, respectively, was in 
the form of coenzyme By. Since the coenzyme is less stable than 
the cobamide vitamins, the true percentage of coenzyme Buy in 
the cobamides of liver may be considerably higher. 

Since coenzyme Bi is a major component of liver cobamides, 
and since the coenzyme is readily converted to the cyano- and 
hydroxocobalamins, it is apparent that the latter compounds, 
isolated from liver, were derived in large part from coenzyme 
By. The possibility that cyanocobalamin, and especially hy- 
droxocobalamin, also occur in liver in smaller amounts is not 
specifically excluded by our observations. 

These experiments do not distinguish between free and com- 
bined forms of coenzyme Bi: in liver. They simply establish 
that a large part of the cobamide that can be extracted from 
liver with boiling ethanol is coenzyme Bu. 


SUMMARY 


Cobamide coenzymes have been isolated in moderate purity 
from sheep, rabbit, chicken, and human livers. The spectra of 
all the preparations showed characteristics of cobamide coen- 
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zymes containing a benzimidazole derivative; the human and 
rabbit liver preparations showed features specifically characteris- 
tic of coenzyme By. (DBC coenzyme). All four preparations 
had molar activities close to that of coenzyme By: in the gluta- 
mate isomerase assay. The coenzyme from human liver was 
shown to yield 1 mole of 5,6-dimethylbenzimidazole on acid 
hydrolysis. Quantitative data indicate that at least 48 to 72% 
of the total cobamide in ethanol extracts of these livers was in 
the form of coenzyme By. Cyanocobalamin and hydroxo- 
cobalamin, which have previously been isolated from liver, ap- 
pear to be mainly artifacts, produced by chemical decomposition 
of coenzyme Bu. 
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Recent work in our laboratory, carried out in collaboration 
with Dr. M. C. Schotz, has led to the formulation of a simple 
hypothesis regarding the pathogenesis of carbon tetrachloride 
fat accumulation. This hypothesis consists essentially of an 
extension of the work of Byers and Friedman (1) to the carbon 
tetrachloride-poisoned liver. These workers have recently 
shown that the liver is constantly secreting large quantities of 
triglycerides into the plasma.‘ According to our hypothesis, 
the formation of triglycerides by the liver is not interfered with 
in the carbon tetrachloride-poisoned animal, but the hepatic 
triglyceride secretory mechanism is inhibited or destroyed. As 
a result, triglycerides accumulate in the liver. Two preliminary 
aspects of the problem had previously been clarified. It was 
first observed that carbon tetrachloride reached its peak con- 
centration in the liver of the rat within 1 to 2 hours after force 
feeding of the hepatotoxin (2). This observation established a 
basic frame of reference for all subsequent studies. It was next 
shown (3) that hepatic content of triglycerides was elevated 
34% within 1 hour and 195% within 3 hours after carbon 
tetrachloride poisoning. This observation indicated that a 
serious derangement of hepatic lipid metabolism occurred coin- 
cident with the arrival of the toxic compound in the liver. After 
establishment of these two preliminary points, the hypothesis 
stated above was developed from two main considerations. 
The first of these was a systematic study of changes in biochemi- 
cal properties of subcellular fractions obtained from livers of 
rats poisoned with carbon tetrachloride. A series of investi- 
gations (4, 5) had previously led to the tentative conclusion that 
the hepatic parenchymal cell mitochondria were probably not 
the primary loci for the attack by carbon tetrachloride. An 
extension of these studies has eliminated the mitochondria from 
serious consideration as possible primary targets. Study of 
some microsomal enzymes, on the other hand, indicated that 
pathological changes occur in the endoplasmic reticulum as 
early as 2 hours after carbon tetrachloride poisoning. The 
observation that carbon tetrachloride feeding results in patho- 
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the National Institute of Arthritis and Metabolic Diseases, Na- 
tional Institutes of Health, United States Public Health Service. 
The technical assistance of George Kho and Barbara Brown is 
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logical changes in the enzymic properties of the microsome frac- 
tion at a time when the toxin is concentrated in the liver, and 
when rapid accumulation of triglycerides in the liver is taking 
place, suggested that a hitherto unknown hepatic mechanism, 
intimately associated with hepatic lipid metabolism and prob- 
ably localized in the membranous component of the endoplasmic 
reticulum, was most probably the key locus involved. Consider- 
ation of the role of the liver in mechanisms of lipid transport, 
recently reviewed by Fredrickson and Gordon (6) and by Olson 
(7), led directly to the formulation of the above hypothesis. In 
a test of the hypothesis (8) it was found that 90 minutes after in- 
travenous administration to rats of the non-ionic detergent Triton 
(a non-ionic detergent; Winthrop Laboratories, WR - 1339), 
plasma triglycerides were elevated 12-fold. If the rats had been 
poisoned with carbon tetrachloride 2 hours previously, this post- 
Triton hypertriglyceridemia was almost completely absent. 
Concomitantly there was a threefold increase in liver content 
of triglycerides. A depression to one-fourth of the normal 
level of plasma triglycerides was observed in carbon tetrachloride- 
poisoned rats that were not given Triton. This direct demon- 
stration of a major derangement in the metabolism of triglyceride 
by the liver, coincident in time with the attainment of the peak 
concentration of carbon tetrachloride in the liver (2) and with 
the rapid early rise in hepatic triglyceride content (3), provides 
a new insight into the problem of the pathogenesis of carbon 
tetrachloride fat accumulation. The present communication 
presents our studies of the alterations in subcellular fractions of 
rat liver which occur during the course of pathological changes 
set into motion by carbon tetrachloride feeding, and which led 
to the formulation of the above hypothesis. 


EXPERIMENTAL PROCEDURE 


Animals used in this study were rats of the Sprague-Dawley 
strain (Holtzman Rat Company, Madison, Wisconsin). Female 
rats were used for experiments in which mitochondrial content of 
citrate was determined. In all other experiments, males were 
used. Carbon tetrachloride intoxication was produced by 
force feeding under light ether anaesthesia a 1:1 mixture of 
carbon tetrachloride and mineral oil at a dose of 0.5 ml of the 
mixture per 100 g of rat body weight. Control rats received 
0.25 ml of mineral oil per 100 g of body weight. After force 
feeding, rats were kept in individual cages. In all the experi- 
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mental work reported in this communication, some control and 
some intoxicated animals were processed on the same day, under 
presumably identical conditions. Details pertinent to the vari- 
ous experiments were as follows. 

Citrate Experiments—Except where indicated, rats were fed 
ad libitum until 6 hours before carbon tetrachloride feeding, 
whereupon all food was removed for the duration of the experi- 
ment. Water was provided ad libitum. Ten hours after 
carbon tetrachloride feeding, fluoroacetate in 0.9% sodium 
chloride was injected intraperitoneally, at a dose of 3 mg of 
fluoroacetate per kg of body weight. Three hours later (13 
hours after carbon tetrachloride feeding; 19 hours of fasting) the 
rats were killed by cervical section, exsanguinated, and the 
livers removed and weighed. The homogenization medium, 
which was used throughout the subsequent centrifugation steps, 
was 0.30 M sucrose, containing 0.002 Mm EDTA,! at pH 7.2. Five 
grams of liver were homogenized in 35 ml of medium and cen- 
trifuged at 600 X g for 12 minutes in the International table 
model centrifuge, head No. 215. The nuclear fraction was 
resuspended and recentrifuged once. Suitable aliquots of the 
combined nuclei-free homogenate were centrifuged at 7000 x g 
for 20 minutes (American Instrument Company, Inc., high 
speed angle centrifuge equipped with refrigeration, tube angle 
32°). The supernatant fractions were removed without remov- 
ing the fluffy layer. One centrifuged mitochondrial pellet was 
used for protein analysis, and one was extracted with 5 ml of 
5% trichloroacetic acid. The trichloroacetic acid extract was 
analyzed for citric acid essentially according to Schneider e¢ al. 
(9). 

Mitochondrial ATPase Transformation Test—In previous 
work (4), an ATPase transformation test was used to detect 
mitochondrial damage. In this test, ATPase activity of isolated 
mitochondria in presence of 2,4-dinotrophenol and EDTA is 
compared to ATPase activity with added magnesium ions. 
For normal mitochondria 2 ,4-dinitrophenol-ATPase is consider- 
ably more active than Mg*+t-ATPase. With mitochondrial 
damage, 2,4-dinitrophenol-ATPase declines, whereas Mgt+- 
ATPase is activated. For the 2,4-dinitrophenol-ATPase, 1.5 
ml of final reaction medium contained 6 umoles of ATP (crystal- 
line Na,ATP -4H,O, Sigma, neutralized to pH 7.4 with KOH); 
30 wmoles of Tris pH 7.4, 325 umoles of sucrose, 2 umoles of 
EDTA pH 7.4, 3 X 10-5 Mm 2,4-dinitrophenol as activator. For 
the Mgt+-activated ATPase, the conditions were the same 
except that 2,4-dinitrophenol and EDTA were omitted and 
MgCl. was added to a final concentration of 0.002 m. For both 
assays, 12.5 eq mg of mitochondria were added as 0.5 ml of a 
2.5% suspension of mitochondria in 0.3 m sucrose containing 
0.002 m EDTA at pH 7.4. This medium was used for prepara- 
tion of mitochondria. 

Mitochondrial Respiratory Control—Existence of mitochondrial 
respiratory control was demonstrated by showing that the rate 
of oxidation of glutamate was increased on addition of 2,4- 
dinitrophenol to a respiring system deficient in ADP. Oxygen 


! The following abbreviation is used: EDTA, ethylenediamine- 
tetraacetate. An equivalent milligram (eq mg) of any cell frac- 
tion is that amount of the cell fraction equivalent to 1 mg wet 
weight of whole liver. Enzyme activity or chemical content ex- 
pressed as per whole liver per 100 grams of body weight indicates 
that the measured quantity has been calculated back to the activ- 
ity or content in all the liver tissue present per 100 grams of rat 
body weight. 
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consumption was measured manometrically at 30°. In a final 
volume of 3.0 ml, the complete system contained 30 umoles of 
inorganic phosphate (potassium salt, pH 7.4), 10 umoles of 
MgCl , 30 umoles of glutamate (potassium salt, pH 7.4), 830 
umoles of sucrose, 0.6 uymoles of EDTA. The EDTA and 90 
umoles of sucrose entered the system on addition of 0.3 ml of 
mitochondrial suspension in 0.30 m sucrose, 0.002 m EDTA 
medium. 2,4-Dinitrophenol was added to a final concentration 
of 3 X 10-5 m. Center wells contained 0.2 ml of alkali and 
filter paper strips. 

Octanoate Oxidation—Octanoate oxidation was measured 
manometrically at 30° in the same Warburg bath in which 
mitochondrial respiratory control was measured. A final 
volume of 2.0 ml contained 40 ywmoles of inorganic phosphate 
(potassium salt, pH 7.4), 4.5 umoles of ATP, 10 umoles of MgCl, 
2 wmoles of octanoate, 1 umole of fumarate, 550 umoles of 
sucrose, 1 umole of EDTA, and 2 mg of crystalline bovine serum 
albumin. The EDTA and 150 umoles of sucrose entered the 
otherwise complete system on addition of 0.5 ml of mitochondria 
suspended in 0.30 m sucrose, 0.002 mM EDTA medium. 

Glucose 6-Phosphatase—Activity of this enzyme was de- 
termined either in whole rat liver homogenized in 0.30 M sucrose, 
0.002 m EDTA medium, or in the microsome fraction sedimented 
from nuclei- and mitochondria-free homogenates at 100,000 x 
g in the Spinco preparative ultracentrifuge. Final conditions 
for the enzyme assay were as follows: 30 umoles of Tris-maleate 
buffer, pH 6.6; 20 umoles of glucose-6-P, pH 7.0; either 6 mg of 
whole liver homogenate or 6 eq mg of microsome fraction; final 
volume 1.5 ml; 20 minutes of incubation at 30°. Preliminary 
studies indicated that substrate saturation was reached at 10 
umoles of glucose-6-P per 1.5 ml. Activity was proportional 
to enzyme concentration up to 8 mg of whole liver. Under the 
conditions given, only about 5% of added substrate was hy- 
drolyzed. 

Microsomal DPNH Cytochrome c Reductase—A total of 25 ml 
of 10% homogenate of rat liver, prepared in 0.30 m sucrose, 0.002 
M EDTA, at pH 7.4, was centrifuged at 10,000 x g for 12 min- 
utes in the SW 25.1 head of the Spinco preparative ultracentrifuge. 
The upper fatty layer was removed and discarded and the super- 
natant fraction set aside. The sediment was suspended in 20 
ml of sucrose-EDTA medium and centrifuged. Supernatant 
fractions were combined and adjusted to 50 ml final volume. 
Just before assay, 0.4 ml of this nuclei- and mitochondria-free 
homogenate was diluted to 20 ml, of which 0.2 ml, corresponding 
to 0.2 mg wet weight of liver, was added to the final reaction 
medium. DPNH cytochrome c reductase activity was de- 
termined in a Beckman DU spectrophotometer as follows. To 
small test tubes were added, in a volume of 2.1 ml, 100 uwmoles 
of potassium phosphate buffer pH 7.4, 1 umole of KCN, 80 
umoles of nicotinamide. Then 0.3 ml of 3 x 10-* m cytochrome 
c was added, the test tubes were placed in a 30° water bath, 0.2 
ml of enzyme was next added, and finally 0.4 ml of 1.59 x 10-3 
mM DPNH in 1 X 10-* m NaOH. Each liver enzyme extract 
was analyzed in triplicate against a blank cuvette which con- 
tained all additions except 0.4 ml of 1 K 10-* m NaOH instead 
of the DPNH addition. Contents of the test tubes were trans- 
ferred to suitable optical cuvettes and optical density was de- 
termined at 550 my at 1, 2, and 3 minutes after addition of 
DPNH. The rate of reduction of cytochrome c was linear over 
the first 3 minutes. Reaction rate was linear with respect to 
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the amount of nuclei- and mitochondria-free homogenate added, 
from 0.1 to 0.4 eq mg of liver, wet weight, per cuvette. 

Chemical Procedures—Analysis for inorganic phosphate was 
carried out according to a method adapted after Berenblum and 
Chain (10) involving extraction of phosphomolybdate into iso- 
butanol-benzene and reduction with SnCl.. Protein was de- 
termined according to Lowry et al. (11), with bovine serum 
albumin as standard. Total liver fat was extracted essentially 
according to Folch et al. (12), dried down, and weighed. It was 
then redissolved in chloroform, and an aliquot passed over a 
silicic acid column. The chloroform eluate of the silicic acid 
column was analyzed for triglycerides according to Van Handel 
and Zilversmit (13). 


RESULTS 


Concentration of Citrate in Liver Mitochondria of Fluroacetate- 
Poisoned Rats—In 1956, Schneider et al. (9) found that endog- 
enous citrate of rat liver was localized in the mitochondrial 
fraction obtained by differential centrifugation of sucrose homog- 
enates. Increased citrate in livers of female rats poisoned with 
fluoroacetate was also found in the mitochondrial fraction. 
Mitochondrial citrate was rapidly lost when mitochondria were 


TABLE 


Loss of citrate from rat liver mitochondria treated 
with carbon tetrachloride in vitro 


Conditions: For Experiments 1, 2, and 3, the isolated mito- 
chondria were suspended for 25 minutes at 0° in either the 0.30 
mM sucrose, 0.002 m EDTA medium, or in the same medium previ- 
ously saturated with carbon tetrachloride. For Experiments 4 
and 5, the mitochondria were recovered, after 15 minutes of stor- 
age at 0° in either sucrose or sucrose-CCl,, resuspended, and held 
for an additional 15 minutes in the respective media. After 
storage, the mitochondria were recovered at the centrifuge and 
analyzed for citrate. The rats were nonfasted females. Fluoro- 
acetate was injected intraperitoneally at a dose of 3 mg of fluoro- 
acetate per kg of body weight. 


Experiment No. Treatment of rat | Controls CCl« treated 
ug* 
1 No fluoroacetate 25 | 5 
2 No fluoroacetate 31 | 6 
3 Fluoroacetate 118 40 
4 Fluoroacetate | 185 25 
5 Fluoroacetate | 133 86 


* The number of yg of citrate per equivalent gram of mito- 
chondria. An equivalent gram of mitochondria represents the 
mitochondria from 1 gram of liver, wet weight. 


TABLE IT 
Content of citrate in mitochondria of rat liver 13 hours after carbon 
tetrachloride feeding 
Conditions as described in ‘‘Experimental Procedure.’’ 
ues given are means + standard errors. 


Val- 


| 
ug/100 g body weight 
7 166.0 + 20.5 
CCl, plus fluoroacetate......... 6 575.0 + 18.5 
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lysed in water, incubated at 37° in presence of fluoroacetate, or 
disrupted by sonic vibrations. In our experiments, citrate was 
lost from liver mitochondria of normal rats or of rats previously 
given fluoroacetate when the mitochondria were suspended in an 
isotonic sucrose medium containing carbon tetrachloride (Table 
I). In previous work from this laboratory (14), it was shown 
that isolated mitochondria swell rapidly when suspended in 
isotonic sucrose solutions containing carbon tetrachloride. It 
was suggested that swelling was due to osmotic effects of the 
Donnan equilibrium brought into play by breakdown of mito- 
chondrial membrane selective permeability. As in the case of 
the prolytic loss of potassium ions from red cells attacked by 
lytic. agents (15), breakdown of mitochondrial membrane selec- 
tive permeability would be expected to lead to loss of intramito- 
chondrial solutes. Data of Table I and rapid loss of mitochon- 
drial potassium ions under similar conditions (5), constitute 
objective evidence that carbon tetrachloride in vitro attacks the 
mitochondrial membrane, as was suggested by swelling experi- 
ments reported earlier (14). With regard to the hepatotoxic 
action of carbon tetrachloride, it has been shown that this 
toxic compound reaches its peak concentration in the liver within 
1 to 2 hours after intubation into the stomach (2). Liver 
triglycerides are elevated three-fold within 3 hours (3). If the 
hepatotoxic action of carbon tetrachloride involves a breakdown 
of mitochondrial membrane selective permeability as a primary 
event, as has been suggested by others (16, 17), then during the 
onset and early course of the pathological disturbances, one 
might reasonably expect to find an impairment in the ability 
of isolated mitochondria to retain citrate. Such does not appear 
to be the case. Thirteen hours after carbon tetrachloride feed- 
ing, isolated liver mitochondria contained more citrate than 
liver mitochondria from corresponding controls not fed carbon 
tetrachloride (Table II). Furthermore, when carbon tetra- 
chloride-fed rats were further treated with fluoroacetate, isolated 
liver mitochondria were found to contain 33 times as much citrate 
as corresponding noncarbon tetrachloride-fed, fluoroacetate- 
poisoned controls. The finding that mitochondrial levels of 
citrate are higher in carbon tetrachloride-fed animals than in 
their corresponding controls was unexpected. However, the 
main point is unmistakably clear; viz in the period of 10 to 13 
hours after carbon tetrachloride feeding, carbon tetrachloride- 
poisoned rats can respond to fluoroacetate by building up their 
levels of mitochondrial citrate. These increased levels of citrate 
are retained throughout subsequent homogenization and dif- 
ferential centrifugation procedures. 

It is possible that the two substances, carbon tetrachloride 
and fluoroacetate, have the joint effect of producing even higher 
citrate levels than the 575 wg level found by analysis, and that 
the particular level found represents the remainder after possible 
substantial losses during homogenization and centrifugation. 
Since the main point of the carbon tetrachloride-fluoroacetate 
experiments was to determine whether the mitochondrial mem- 
brane is defective, mitochondrial storage experiments were 
carried out (Table III). The data clearly indicate that little 
citrate is lost from the mitochondria during 3 hours of additional 
storage. The over-all loss in 3 hours of storage in the carbon 
tetrachloride plus fluoroacetate-treated rats was only 7.5%, a 
compared to a 66.1% loss of citrate after 25 minutes of storage 
in sucrose-carbon tetrachloride in vitro (Experiment 3, Table 1). 
During the period of storage from 1 to 3 hours, the loss of citrate 
from the liver mitochondria of the carbon tetrachloride-fluoro- 
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acetate-poisoned rats was 5.38%, as compared to 6.1% for the 
corresponding time period in the controls. The slight rise in 
citrate levels in the noncarbon tetrachloride-fed controls during 
the 1st hour of storage justifies comparison of citrate loss over 
the final 2 hours, rather than over the whole period of storage. 
Furthermore, it was found that when mitochondria taken from 
rat liver 13 hours after carbon tetrachloride feeding were in- 
duced to swell in vitro by suspending them either in isotonic 
sucrose medium containing carbon tetrachloride, or in distilled 
water, citrate levels were reduced to approximately one-tenth of 
the levels in the nonswollen mitochondria. This finding indi- 
cates that the capacity to retain citrate exhibited by liver mito- 
chondria of rats 13 hours after carbon tetrachloride poisoning is 
not due to irreversible binding of citrate by these mitochondria. 
The finding (18) that carbon tetrachloride poisoning, leads to 
increased content of mitochondrial calcium raised the possibility 
of irreversible binding of citrate. Carbon tetrachloride poisoning 
resulted, after 13 hours, in an average increase of 23% in mito- 
chondrial protein. This change is relatively small in comparison 
with changes in citrate content. It was on the basis of relative 
constancy of yield of mitochondrial protein that data of Table 
II were expressed as yg of total liver mitochondrial citrate per 
100 g of rat body weight and not referred to corresponding pro- 
tein content of the mitochondria. Liver fat 13 hours after carbon 
tetrachloride feeding was found to be 316 + 27 (standard devia- 
tion) mg of total liver lipid per 100 g of rat body weight, as 
compared to 171 + 16 for noncarbon tetrachloride-fed controls. 
In other experiments, for two female rats 13 hours after carbon 
tetrachloride poisoning, 72% of total liver lipid was triglyceride, 
as compared to 29% triglyceride in a single female control. 

Glucose 6-Phosphatase and Mitochondrial ATPase 4 Hours 
After Carbon Tetrachloride Feeding—Mitochondria isolated from 
livers of rats 4 hours after carbon tetrachloride posioning ex- 
hibited a normal response in the ATPase transformation test 
(Table IV). In the same rats, glucose 6-phosphatase activity 
was depressed 49%, and liver triglycerides were elevated 180%. 
In an earlier study it was found that glucose 6-phosphatase 
activity of livers of carbon tetrachloride-poisoned rats was de- 
pressed to 41% of control levels 4 hours after intoxication, and 
to 28% of control levels after 24 hours.? 

Mitochondrial Respiratory Control, Octanoate Oxidation, and 
Glucose 6-Phosphatase Activity 2 Hours After Carbon Tetra- 
chloride Feeding—Intact rat liver mitochondria exhibit respira- 
tory control; z.e. a limited supply of ADP dampens the oxidative 
rate, even though oxygen and substrate are available (Table V). 
On addition of the uncoupling agent, 2 ,4-dinitrophenol, the rate 
of oxidation of glutamate was increased 3.16-fold. Two hours 
after carbon tetrachloride poisoning there was a small, sta- 
tistically insignificant increase in the rate of glutamate oxidation, 
both in presence and absence of 2,4-dinitriphenol. For liver 


2 In this earlier study it was observed that at 2 hours there was" 


an average depression of 13% (4 to 16%) in glucose-6-Pase activ- 
ity of experimental animals compared with control animals as- 
sayed on the same day. However, there was no difference, statis- 
tically, when values for experimental animals obtained 2 hours 
after carbon tetrachloride poisoning were compared with a grand 
mean of 43 animals used as controls for experiments ranging from 
2 to 24 hours after intoxication and assayed over many days. The 
latter observation was the basis of our statement, made in an ab- 
stract (19), that 2 hours after carbon tetrachloride poisoning glu- 
cose-6-Pase activity was not depressed. Subsequently we have 
consistently found large depressions of glucose-6-Pase activity at 
2hours. (See Table V.) | 
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TABLE III 
Mitochondrial citrate levels after storage at 0° 


Conditions: 90 ml of a nuclei-free homogenate of 6 g of liver 
were prepared as described in ‘‘Experimental Procedure.’’ Two 
10-ml aliquots were centrifuged immediately at 7000 X g for 10 
minutes. The centrifuged mitochondrial pellets were extracted 
with 5% trichloroacetic acid. The residual nuclei-free homogen- 
ate was stored at 0°. At intervals of 1, 2, and 3 hours, additional 
duplicate 10-ml aliquots were centrifuged and processed for citrate 
analysis. The elapsed time from death of the rat until extraction 
of the first mitochondrial pellets was approximately l hour. Four 
rats were treated with carbon tetrachloride plus fluoroacetate, 
and four rats with fluoroacetate alone. The data are expressed 
as the means + standard errors in ug of total liver mitochondrial 
citrate per 100 g of rat body weight. The doses of carbon tetra- 
chloride and/or fluoroacetate were as indicated in ‘‘Experimental 
Procedure.’’ The rats were killed 13 hours after carbon tetra- 
chloride feeding. 


Citrate content 


Storage time 


CCl + fluoroacetate Fluoroacetate alone 


hrs 4 ug 
1 (initial level) 557 + 103 219 + 31.4 
1 544 + 107 244 + 31.2 
2 524 + 105 232 + 22.0 
3 515 + lll 230 + 20.1 
TABLE IV 


Mitochondrial ATPase transformation test and glucose 
6-phosphatase activity of rat liver 4 hours after 
carbon tetrachloride feeding 


Conditions: Food was removed from male rats at 6 a.m.; car- 
bon tetrachloride administered at 10 a.m.; rats killed at 2 p.m. 
All data given are means + standard errors for four control and 
four carbon tetrachloride-poisoned rats. 


Controls CCh-fed 
n=4 n= 4 
ATPase transformation test 
2,4-Dinitrophenol-ATPase, 
14.3 + 0.38 | 14.9 + 1.15 
Mg**-ATPase, mg*........... 3.64 + 0.22) 2.45 + 0.20 
Glucose 6-phosphatase, mgf..... 15.4 + 0.88; 7.9 + 0.61 
Liver triglycerides, mgf......... 15.8 + 1.75 | 44.3 + 5.35 


* Number of mg of P; hydrolyzed from ATP by total liver mito- 
chondria per 100 g of body weight. 

t Number of mg of P; hydrolyzed from glucose-6-P per whole 
liver per 100 g of body weight. 

t Number of mg of triglycerides per whole liver per 100 g of 
body weight. 


mitochondria from carbon tetrachloride-poisoned animals, un- 
coupling with 2,4-dinitrophenol resulted in a 3.18-fold increase 
in the rate of oxidation of glutamate. These data clearly indicate 
that no impairment of mitochondrial respiratory control has 
occurred at this time. Furthermore, the liver mitochondria of 
these rats 2 hours after carbon tetrachloride poisoning, exhibited 
no impairment in the capacity to oxidize fumarate, or octanoate 
plus fumarate. However, for these same rats, liver glucose 6- 
phosphatase activity was depressed 33%, and liver triglycerides 
were elevated 69%. The latter two deviations from compa- 
rable control values were both highly significant statistically. 
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TABLE V 


Mitochondrial respiratory control and octanoate oxidation compared 

wrth glucose 6-phosphatase and triglyceride content of rat liver 

2 hours after carbon tetrachloride feeding 

Conditions: 4 g of liver were homogenized in 0.30 m sucrose, 
0.002 m EDTA, pH 7.4, and brought to a volume of 32 ml. A 1.2- 
ml aliquot was removed for glucose 6-phosphatase assay. Mito- 
chondria, recovered from the remaining whole homogenate, were 
suspended in sucrose-EDTA medium such that 0.1 ml of final 
mitochondrial suspension when further diluted to 10 ml in sucrose- 
EDTA, and present in a 13- X 100-mm culture tube serving as 
cuvette, would give an optical density reading of 0.2 at 520 my 
in a Coleman junior spectrophotometer. Data given are means 
+ standard errors. There were five control and five CCl,-fed 
rats. For one rat, glucose 6-phosphatase was not determined. 
Significance of differences between means was estimated with 
*‘student’s’’ t-test. 


| Controls CCh-fed Significance 
Glutamate oxidation | 
No 2,4-dinitro- 
phenol, ul*....... 3.11 + 0.133 3.56 + 0.1800.5> p>0.4 
Plus 2,4-dinitro- 
phenol, wl¢....... 9.82 + 1.42 11.3 + 1.31 0.5> p>0.4 
Octanoate oxidation 
Fumarate alone, ul®.| 8.18 + 1.08 | 9.81 + 1.78 (0.4> p>0.2 
Octanoate + fuma- 
18.5 + 3.99 |21.1 + 6.52 |0.5> p>0.4 
Glucose 6-phospha- 
25.5 + 2.19 17.1 + 1.55 | p < 0.005 
Liver triglycerides 
20.8 + 2.56 35.2 + 3.99 | p < 0.005 


@ Number of ul of O2 taken up in 20 minutes by 1 mg of mito- 


chondrial protein. 
’ Number of ul of O2 taken up in 60 minutes by 1 mg of mito- 


chondrial protein. 
¢ Number of ug of Pi; hydrolyzed from glucose-6-P per mg of 


whole liver protein. 
4 Number of mg of liver triglycerides per whole liver per 100 g 


of body weight. 


TaBLe VI 
Rat liver microsomal DPNH cytochrome c reductase activity after 
carbon tetrachloride poisoning 
Conditions: Food was removed from the rats (males) through- 
out the night preceding the experiment. Data are given as 
means + standard errors. Significance of differences between 
means was estimated with “‘student’s”’ t-test. 


Controls CCh-fed Increase! Significance 
hrs No.* unitst No. units % 
2 8 337 + 28 7 435 + 32 29 | p<0.001 
4 7 |305 +24! 8 | 426438! 39 | p<0.025 
6 4 | 204 + 31 5 | 402 + 61 97 | p<0.025 


* Number of animals. 

+t After Mahler (22), 1 unit of DPNH cytochrome c reductase is 
that amount of enzyme which yields an initial rate of 1.00 optical 
density unit per minute at 550 my and 22°. Data given here are 


the same, except that the temperature was 30° and measured 
activity, in units, was converted to that amount of activity pres- 
ent in the whole liver per 100 g of rat body weight. 


Subcellular Particles in Carbon Tetrachloride Poisoning 


Vol. 236, No. 2 


TaBLeE VII 
Effect of carbon tetrachloride in vitro on rat liver 
glucose 6-phosphatase 
Conditions: For the preincubation step at 30°, whole homog- 
enate or isolated microsomes were suspended in the sucrose-EDTA 
medium previously saturated with CCl, and placed in a Thunberg 
tube with 0.5 ml of CCl, in the side arm. 


Concentration of liver Glucose phosphatase 
fraction activity 
and No. of experiments | 
°C % eq mg* ust ME 
Homogenate (2) 0 1.5 9 28.1 | 46.2 
Homogenate (2) 30 1.5 9 27.6 3.74 
Homogenate (2) 0 6.0 9 28.7 | 28.3 
Homogenate (2) 30 6.0 9 30.7 | 40.8 
Microsomes (1) 0 1.25 8.75 | 22.0 | 34.9 
Microsomes (1) 0 2.5 10 24.0 | 42.1 
Microsomes (1) 0 5.0 10 27.6 | 35.5 
Microsomes (2) 30 1.5 9 14.2 0.22 
Microsomes (2) 30 5.0 9 21.6 1.12 
Microsomes (1) 30 15.0 9 26.7 | 10.6 
Microsomes (1) 30 15.0 24.0 


* Number of eq mg per 1.5 ml of final reaction volume. 
t Number of ug of P; hydrolyzed from glucose-6-P in 20 min- 
utes at 30° by the amount of whole homogenate or microsome frac- 


tion indicated. 
t One drop of CCl, added during resuspension of microsomes. 


DPNH Cytochrome c Reductase After Carbon Tetrachloride 
Poisoning—Two hours after carbon tetrachloride poisoning, rat 
liver microsomal DPNH cytochrome c reductase was elevated 
29% over the corresponding control value (Table VI). By 6 
hours, the activity of this enzyme had almost doubled. 

Destruction of Rat Liver Glucose 6-Phosphatase by Carbon 
Tetrachloride in Vitro—Suspension of whole rat liver homogenate 
or microsomes at 0° in an isotonic sucrose medium containing 
carbon tetrachloride usually resulted in an increase in glucose 
6-phosphatase activity (Table VII). However, when it was 
suspended for 20 minutes at 30° in isotonic sucrose containing 
carbon tetrachloride, glucose 6-phosphatase activity of whole 
homogenate or microsomes was completely destroyed, provided 
the concentration of homogenate or microsomes was not ex- 
cessively high. 


DISCUSSION 


The finding that 13 hours after carbon tetrachloride poisoning, 
rats can respond to injected fluoroacetate by building up the 
citrate content of their liver mitochondria, and the fact that this 
citrate was not lost on subsequent storage of the mitochondria, 
indicates that some measure of mitochondrial membrane selec- 
tive permeability has persisted at this relatively late stage of the 
developing pathology. An earlier study (5) in which the capac- 
ity of potassium-depleted mitochondria to reaccumulate potas- 
sium was measured, also indicated a persistence, at least in large 
part, of mitochondrial membrane selective permeability up to 
103 hours after carbon tetrachloride poisoning. The data of 
Table IV indicate that the mitochondrial ATPase transformation, 
which is an enzymic correlate of altered mitochondrial structure, 
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has not occurred at a time when liver triglycerides are increasing 
rapidly. As indicated by our earlier work (4) and by the data 
of Table V, mitochondrial respiratory control is also maintained 
at a time when marked aberrations in hepatic lipid metabolism 
are evident. The results of all these tests support the view that 
mitochondrial damage is not a key factor in early stages of the 
developing pathology. Nevertheless, these findings did not 
rule out the possibility that mitochondrial enzymes more directly 
concerned with oxidation of fat may be selectively destroyed by 
carbon tetrachloride poisoning. Indeed, we observed that in 
some rats, oxidation of octanoate by isolated liver mitochondria 
was depressed to 50% of control levels as early as 4 hours after 
carbon tetrachloride poisoning. However, the finding (3) that 
liver triglycerides are increasing rapidly during the first several 
hours after intoxication, coincident in time with attainment of 
the peak concentration of carbon tetrachloride in the liver (2), 
reduces the question of impaired fat oxidation at later times to 
secondary importance. The data of Table V show that at 2 
hours, when marked aberrations in other phases of hepatic lipid 
metabolism are evident, octanoate oxidation was unimpaired. 
It appears to us at the present time that the available data are 
overwhelmingly against the view (16, 17, 20) that the liver 
mitochondria are the primary loci involved in carbon tetra- 
chloride hepatotoxicity. The functional integrity of mechanisms 
localized in the endoplasmic reticulum is another question. 
Neubert and Maibauer (21) showed that a microsomal enzyme 
system which catalyzed detoxication of aminopyrine was de- 
stroyed in livers of carbon tetrachloride-poisoned rats at a time 
when mitochondrial oxidative phosphorylation was intact. 
Data presented here have clearly shown that aberrations in 
other enzymic properties of the endoplasmic reticulum, as re- 
vealed by study of the isolated microsome fraction, are evident 
as early as two hours after carbon tetrachloride feeding when, 
by all tests so far employed, mitochondrial function is unim- 
paired. The finding that enzymes of the endoplasmic reticulum 
were undergoing pathological change at a time when the toxic 
agent was at its peak concentration in the liver, and the sensi- 
tivity of microsomal glucose 6-phosphatase to carbon tetra- 
chloride in vitro, suggested to us that the key mechanism attacked 
by carbon tetrachloride was probably localized in this part of 
the cell. How the further finding that liver triglycerides were 
piling up rapidly at this time led to the formulation and testing 
of a simple hypothesis to explain the pathogenesis of carbon 
tetrachloride fat accumulation has been indicated above. The 
hypothesis that the primary lesion responsible for the patho- 
logical accumulation of liver fat involves inhibition or destruc- 
tion of a hepatic triglyceride-secreting mechanism has so far 
been tested only with respect to carbon tetrachloride poisoning. 
Nevertheless, it appears to us that the general problem of the 
pathogenesis of hepatic fat accumulation has now reached a new 
level of development. Experiments are in progress to determine 


whether the hepatic triglyceride secretory mechanism, so ele-, 


gantly revealed by Byers and Friedman (1), has been inhibited 
or destroyed in other pathological conditions leading to abnormal 
accumulation of liver fat. 
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SUMMARY 


Studies of citrate retention, adenosine triphosphatase activity, 
and respiratory control, indicate that integrity of liver mito- 
chondria is not seriously altered in the period from 4 to 10 hours 
after intragastric administration of carbon tetrachloride to rats. 
At 2 hours, mitochondrial respiratory control and oxidation of 
octanoate were unimpaired, whereas liver glucose 6-phosphatase 
was depressed 33 per cent and liver triglyceride content was 
increased 69%. Microsomal DPNH cytochrome c reductase 
activity of rat liver is significantly increased 2 hours after in- 
toxication. Glucose 6-phosphatase is completely destroyed 
in vitro by solutions of carbon tetrachloride in isotonic sucrose 
at 30°, but not at 0°. The conclusion is drawn from these 
experiments that liver mitochondria are not the primary target 
for the attack by carbon tetrachloride. The clear-cut evidence 
of early involvement of the endoplasmic reticulum has led to the 
formulation and testing of a new hypothesis regarding the 
pathogenesis of carbon tetrachloride fat accumulation. 
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Previous observations (1, 2) have emphasized that potassium 
is bound to liver mitochondria in a manner that permits exchange 
with potassium ions in the surrounding fluid but not displace- 
ment by sodium ions. This bound electrolyte is not removed by 
treatment with isotonic sucrose solution. The same picture 
has been demonstrated in preparations of fragmented mito- 
chondria (2), suggesting it adheres directly to the substance of 
the mitochondrial membrane. 

It was noted earlier (2) that exposure of mitochondria to low 
concentrations of HgCl. diminished the amount of bound po- 
tassium and produced a stimulation in the rate of the exchange 
reaction. In the present study this observation has been ex- 
tended by considering the properties of different types of mer- 
curials and by demonstrating that the effect on the exchange 
reaction can be reversed with thioglycolate. Studies of this 
report place major emphasis upon the relationship between the 
action of the mercurials upon oxidative phosphorylation on the 
one hand, and upon potassium binding, on the other. 


EXPERIMENTAL PROCEDURE 


Mitochondria were isolated from livers of rabbits that had 
been fasted for 24 hours. Sucrose, 0.25 m buffered with Tris- 
HCl pH 7.4, 0.0025 m, was used throughout as the suspending 
medium during homogenization, incubation, and washing. As 
the standard experimental procedure, aliquots of twice washed, 
freshly prepared mitochondria were incubated for 15 minutes 
in the presence of 0.3 uc of K® and the mercurial agent under 
investigation. The incubation media also contained reagents 
required for oxidative phosphorylation. These are listed in the 
legend for Fig. 1. The incubations were terminated by cen- 
trifugation at 8000 x g for 5 minutes, after which the precipitate 
was washed twice. The stable and radioactive potassium re- 
maining bourd by the mitochondria was determined by use of 
the methods described previously (2). Esterification of inor- 
ganic phosphate, as achieved during the incubation period, was 
measured by conventional procedures (3). Mitochondrial nitro- 
gen was estimated by biuret analysis standardized by the micro- 
Kjeldahl method of Seligson and Seligson (4). 

o-lodosobenzoate, phenylmercuric acetate, and CMB! were 
kindly supplied by Dr. L. Hellerman. Iodacetamide was ob- 


* Supported by research grant number A-1775 from the National 
Institutes of Health, Bethesda, Maryland. 

7 Henry Strong Denison Scholar for 1959-1960. 

t This work was done during the tenure of an Established In- 
vestigatorship of the American Heart Association. 

1The abbreviations used are: EDTA, ethylenediaminetetra- 
acetic acid, and CMB, p-chloromercuribenzoate. 


tained from Nutritional Biochemicals Corporation. Meral- 
luride, WN - ({8(Chloromercuri) - 2 - methoxypropyl]carbamoy]) 
succinamic acid and chlormerodrin 1-[3-(chloromercuri)-2-meth- 
oxypropy]] urea were obtained from the Lakeside Laboratories. 


RESULTS 


Effects of Inorganic and Organic Mercaptide-Forming Agents 
on Potassium Binding and Oxidative Phosphorylation 


Our experiments were designed to observe effects of various 
inhibitors upon potassium binding and also upon oxidative phos- 
phorylation. As mentioned in the previous section, the mito- 
chondria were first exposed to the action of the inhibitors in 
media containing radioactive potassium. After this incubation, 
the particles were separated by centrifugation and washed twice 
to remove unbound electrolyte. Inhibition of oxidative phos- 
phorylation was indicated by a decreased removal of inorganic 
phosphate from the incubation media. Effects upon potassium 
binding were indicated by changes in total quantity (as deter- 
mined by flame photometry) and in specific radioactivity. The 
analyses of stable and radioactive potassium were made after 
the washing procedure. 

The total amount of potassium remaining with the mitochon- 
dria through the washing procedure is specified here as “bound” 
potassium. It has been demonstrated that this potassium can 
be exchanged almost completely with potassium in the surround- 
ing medium (2). It was shown also that the rate of this exchange 
is a function of the concentration of media potassium. In the 
present studies, in which 0.005 m KCl was used, the final specific 
activity of the bound mitochondrial potassium of the control 
samples amounted to 4 to 11% of the activity of the potassium 
in the surrounding solution. When a mercurial was present, 
the specific activity of the mitochondrial potassium was increased 
to 20 to 50% of the equilibrium value. In this range, the in- 
crease in radioactivity reflects quite closely the increase in the 
incorporation rate. 

Effects of mercuric chloride and of meralluride are outlined 
in Fig. 1. Mercuric chloride at a concentration of 10-5 m pro- 
duced major changes in three parameters; bound potassium was 
diminished, phosphate esterification was depressed, but in con- 
trast, the specific activity of the bound potassium was greatly 
increased. When meralluride was employed, phosphate uptake 
was inhibited at comparably low levels of mercury, but markedly 
increased concentrations were required to diminish the amount 
of bound potassium or to produce an increase in the specific 
radioactivity. 

Table I compares results obtained with mercuric salts and 
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SPEC. ACT.(K42)_ 

o——o BOUND K 

o——o Pi UPTAKE 
MERALLURIDE 


PER CENT OF CONTROL 


5 
[Hg] x 105 
Fic. 1. Effect of increasing quantities of mercuric chloride and 
of meralluride upon potassium binding and phosphate esterifica- 


tion in mitochondria. The mitochondria (1.6 mg of nitrogen) 
were incubated with indicated concentrations of mercury com- 
pound for 15 minutes at 23° in 5 ml of 0.25 m sucrose, buffered with 
Tris-HCl, 0.0025 m, pH 7.4. The concentrations of the other 
reagents were as follows: KCl, 0.005 m, labeled with 0.3 uc of K*®; 
sodium succinate, 0.002 m; sodium ADP, 0.002 m; sodium phos- 
phate, 0.001 m; MgCle, 0.002 m. The mitochondria were added 
last to initiate the incubation period. The specific activities 
of the bound potassium of the control samples and of the po- 
tassium of the medium were 540 and 6100 c.p.m. per umole, re- 
spectively. (Under these conditions the increase in the specific 
activity closely reflects the increase in the rate of potassium 
incorporation.) In the control samples, the quantity of bound 
potassium was 0.65 mole per mg of mitochondrial nitrogen. 
Phosphate (3.8 umoles) was esterified in the control vessel. 


organic mercurial compounds. The data describe differences 
in the actions of the two groups of compounds similar to those 
observed between HgCl. and meralluride, respectively. In gen- 
eral, four- to tenfold higher concentrations of the organic mer- 
curials, as compared to the salts, were required to affect potas- 
sium binding. Oxidative phosphorylation, on the other hand, 
was inhibited by equally low concentrations of both types of 
mercurial agents. 

Whether the compounds studied were diuretics (7.e. chlor- 
merodrin or meralluride) or not (t.e. CMB or phenylmercuric 
acetate) they had essentially the same effects upon potassium 
binding and upon oxidative phosphorylation. Liver and kidney 
mitochondria exhibited comparable results in such experiments. 

In addition to affecting potassium binding and oxidative 
phosphorylation, mercurial compounds cause mitochondrial 
swelling (5). Quantitative measurements of this phenomenon 
were not undertaken, but a decrease in opacity of mitochondrial 
suspensions and an increase in the volume of centrifuged pellets 
could always be observed after exposure of mitochondria to the 
higher concentrations of mercurials. This structural alteration 
was not associated with significant loss of mitochondrial sub- 
stance. The nitrogen content of the mitochondria exposed to 
the higher concentrations of mercury was found to be within 
10% of the control samples that were unexposed to mercury. 


Prevention and Reversal of Effects of Mercury Compounds 
with Sulf hydryl Compounds 


Thioglycolate and glutathione, when present in moderate 
excess, suppressed the action of the mercurials. For example, 
10“ M glutathione abolished the action of CMB at concentra- 
tions below 0.7 X 10-*m. At slightly higher concentrations of 
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TABLE I 


Concentrations of mercury compounds required to produce 
changes in potassium binding and phosphate 
esterification 

The specific radioactivity of the control samples (containing 
no mercury) was 4 to 11% of the activity of the potassium in the 
medium. Conditions and concentrations of reagents are those 
used in the experiments of Fig.1. The data presented are median 
values for 10 to 15 paired observations of mercuric salts and 
organic derivatives. Absolute variations evaluated on the basis 
of mitochondrial nitrogen content did not exceed 50%. 


Concentrations ye mercury 
Reagents Reduce to one half 
Double 
specific 
activity Bound __/|Pj esteri- 
potassium | fication 
mu X 105 108 | 10 
0.65 0.95 1.5 
5.4 19.0 2.0 
Phenylmercuric acetate.............. 6.3 8.1 
p-Chloromercuribenzoate............. 3.2 5.4 1.9 
Chlormerodrin....................... 3.2 6.5 2.1 


TABLE II 
Reversal of HgBr2-induced stimulation with thioglycolate 

Radioactive potassium was present in the incubation media 
before the addition of the mitochondria (2.1 mg of nitrogen) in 
the 5-minute experiments. The isotope was added at 10 minutes 
in the 15-minute experiments. The final concentration of HgBr: 
was 8 X 10-* om and of thioglycolate was 10°? m. Except for the 
omission of phosphate, other reagents were present as described 
in Fig. 1. 


Reagents Incubation | uptake during | 
min c.p.m./pmole umoles 
1 5 240 1.90 
2 | HgBr.* 5 1040 1.81 
3 15 230 1.85 
4 HgBr.* 15 930 1.72 
5 Thioglycolatet 15 220 1.76 
6 HgBr;.* followed by 15 350 1.78 
thioglycolatet 


* Present at start. 
t Added at 5 minutes. 


the mercurial, the characteristic derangements to both phosphate 
esterification and potassium binding were produced. 

Data summarized in Table II show that additions of thiogly- 
colate can reverse the effect of mercury on the exchange rate. 
In the first two experiments, the mitochondria were incubated 
in the presence of isotope for only 5 minutes. As listed, the 
specific radioactivities obtained in the absence and in the pres- 
ence of mercury were 240 and 1040 c.p.m. per umole, respectively. 
This increase in specific radioactivity indicates a fourfold stim- 
ulation of the rate of incorporation of media potassium into bound 
mitochondrial potassium. In the remaining experiments, the 
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Fic. 2. The experimental conditions and concentrations of 
reagents are those of Fig. 1. The specific activities of the bound 
potassium of the control samples and of the potassium of the 
medium of incubation were 470 and 6700 c.p.m. per ywmole, respec- 
tively. 


time of incubation was extended to 15 minutes, and in these, the 
isotope was added at 10 minutes for measurement of the incor- 
poration rate of the final 5 minutes. HgBre, when included, 
was always present at the start. Experiments 1 to 4 show that 
stimulation was quite comparable, whether measured between 
0 to 5 or between 10 to 15 minutes after exposure to the mercurial. 
The effect of mercury apparently becomes established rapidly 
and is then maintained with little change for at least 15 minutes. 
The data of Experiments 5 and 6 show that thioglycolate (added 
at 5 minutes) had little effect upon the base-line activity, but 
that it markedly suppressed the stimulatory effect of mercury. 
Since (in Experiment 6) the rate can be assumed to have been 
stimulated maximally before the addition of thioglycolate, the 
relatively low uptake measured finally indicates reversal of, and 
not simply protection from, the action of mercury. 

In other experiments, thioglycollate reversed the stimulatory 
effects of HgCl. and CMB. Glutathione has been found to be 
less effective than thioglycolate in these studies. 


Protective Action of EDTA 


EDTA was found to prevent some, but not all, of the mercurial 
effects. This is in contrast to the behavior of thioglycolate or 
glutathione, either of which suppressed all the mercurial effects 
studied here. Results obtained with HgCl, in the absence and 
in the presence of EDTA are shown in Figs. 1 and 2, respectively. 
In the absence of EDTA, the mercuric salt induced loss of bound 
potassium and decreased phosphate esterification at a concen- 
tration of 10-'m. In the presence of 10-* m EDTA, these effects 
were prevented even when the concentration of HgCle was raised 
to 5 10-4m. It is remarkable, however, that chelation with 
EDTA did not inhibit the action of the mercuric ion upon the 
exchange rate. Stimulation of this rate was obtained, as in the 
absence of EDTA, at the lower concentrations of mercury. 
When CMB was tested, EDTA was found again to prevent loss 
of bound potassium without preventing the effect upon the 
exchange rate. In contrast with results obtained with HgCh, 
EDTA did not protect the phosphorylation mechanism from 
the action of CMB. 

The experiments describing effects of HgCl. and CMB in the 
absence (Fig. 1, Table I) and in the presence (Fig. 2) of EDTA 
were carried out with separate preparations of mitochondria. 
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TaBLeE III 


Concentrations of nonmercurtal reagents required to produce 
changes in potasstum binding and oxidative 
phosphorylation 

The conditions and concentrations of reagents are those used 
in the experiments of Fig. 1. o-Iodosobenzoate and iodoacetam. 
ide were incubated with the mitochondria at 23° for 10 minutes 
before addition of radioactive potassium and inorganic phosphate 
to the medium. 


Concentrations required to 


Red to one half 
Reagent Double uce a 
specific 
activity Bound Pj esterifi- 
potassium cation 
| M M M 
o-Iodosobenzoate............ 0.00008 0.00015 | 0.00008 
Iodoacetamide.............. | 0.015 — 0.06 0.002 


The large qualitative and quantitative differences shown have 
been observed consistently when the agents were tested with 
and without EDTA, with the use of the same preparation. 


Effect of Nonmercurial Reagents on Potassium 
Binding Reaction 


Table III lists the results obtained with other sulfhydryl- 
characterizing reagents. Two of the compounds, o-iodosoben- 
zoate and iodoacetamide, which can react with sulfhydryl groups 
by oxidation and alkylation, respectively (6), were found to be 
capable of accelerating the exchange reaction. The effects 
observed with these reagents, however, were not as dramatic 
as those found with the mercaptide-forming substances. Urea, 
which in sufficient concentration can act as a protein-denaturing 
reagent, did not alter the rate of the exchange reaction. 

In other experiments, it was found that two- to fourfold 
stimulations of the exchange rate were produced by CuSO, 
(10-'m), AgNO (10-5 m), CdSO, (10-5), and ZnSO, (4 x 10-4). 
The rate was stimulated also by phosphate at 10-* m (see below) 
and by exposing the mitochondria to pH values below 7 or above 
8. On the other hand, the following reagents were observed 
to depress the exchange rate: sodium EDTA (0.03 m), CaCl: 
(0.0003 m), sodium salts of AMP, ADP, ATP (0.02 m), as well 
as MgCl. (0.03 m), and NaCl (0.1 Mm), confirming results reported 
earlier. 

The effect of inorganic phosphate upon the exchange rate 
can be prevented by adding succinate and ADP to the incuba- 


tion media. Additions of these reagents also inhibit the action — 
of phosphate as an agent causing mitochondrial swelling as well — 


as disruption of binding capacity. Additions of substrate and 
ADP did not inhibit the action of the mercurials; and thiogly- 


colate and glutathione were not effective as protective agents — 


for control of the action of phosphate. 


DISCUSSION 


Data showing a relationship of potassium binding to oxidative _ 


phosphorylation have been presented earlier (2). It was noted 
that release of bound potassium could be induced by exposure 
of the mitochondria to phosphate under conditions that also 
resulted in uncoupling of oxidative phosphorylation and mito- 
chondrial swelling. It was observed that mitochondrial frag- 
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ments prepared by the digitonin method (7) and having activity 
with respect to phosphorylation contained bound potassium, 
whereas mitochondria fragmented mechanically and exhibiting 
no capacity for oxidative phosphorylation did not bind potas- 
sium. It was found also that the addition to suspensions of the 
digitonin fragments of a substrate to initiate respiration pro- 
duced an acceleration of the rate of the potassium exchange. 
This effect could be blocked by dinitrophenol, suggesting that 
mediation of the response involves components of the phosphoryl- 
ation mechanism. 

The present observations have shown that rather selective 
effects can be obtained with the use of different mercurial agents. 
It was possible, on the one hand, to inhibit oxidative phosphory]- 
ation while modifying only slightly the characteristics of potas- 
sium binding (e.g. Fig. 1); and, on the other, to produce a seven- 
fold stimulation of the potassium exchange rate without any 
inhibition of oxidative phosphorylation (e.g. Fig. 2). The par- 
ticular sensitivity of the phosphorylation mechanism to the 
action of the organic mercurials might be explained by assuming 
that the susceptible components are imbedded in a lipoprotein 
matrix which would be accessible to only the less polar and more 
lipophilic organic substances. By the same reasoning, the 
special susceptibility of the exchange reaction to the Hg+t-EDTA 
combination may indicate that the reactive components in this 
case are on the membrane surface, for only here would they be 
expected to have the requisite availability for this polar and 
presumably nonpenetrating complex. The inorganic salts, in 
the absence of EDTA, would be expected to react with sulfhydryl 
and possibly amino or other groups on the surface and also to be 
sufficiently nonpolar in character to penetrate into the matrix 
to affect factors concerned with oxidative phosphorylation. 

It is pointed out finally that although it has been possible to 
affect selectively only phosphorylation or only the rate of the 
potassium exchange reaction, it has not been possible to induce 
loss of bound potassium without inhibiting oxidative phosphoryl- 
ation. In our experience, the ability to bind potassium has 
been a consistent accompaniment of coupled phosphorylation 
in the intact mitochondria. 


SUMMARY 


1. Low concentrations of inorganic mercuric salts and of or- 
ganic mercurial compounds were found to stimulate the rate of 
exchange between potassium bound to the mitochondria and 
potassium in the medium of incubation. These agents also 
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inhibited oxidative phosphorylation and diminished the total 
amount of bound potassium. 

2. The mitochondrial potassium-binding properties were rela- 
tively more sensitive to the inorganic than to the organic rea- 
gents. Inorganic mercuric salts, at concentrations of 10-° m, 
were sufficient to diminish the amount of potassium bound and 
to accelerate the rate of exchange of the bound electrolyte. 
However four- to tenfold higher concentrations of the organic 
mercurials were required to produce comparable changes. Oxi- 
dative phosphorylation, on the other hand, was inhibited by 
both types of mercurials at concentrations close to 10-5 m. 

3. The action of the mercurials upon both potassium binding 
and phosphate esterification was prevented by thioglycolate and 
glutathione. Stimulation of the potassium exchange rate by 
mercurials could be reversed by thioglycolate. 

4. In the presence of ethylenediaminetetraacetic acid, the 
toxic effect of HgCl. and of p-chloromercuribenzoate upon the 
potassium-binding capacity was prevented, but the stimulatory 
action of these reagents upon the rate of the exchange reaction 
was unaffected. Ethylenediaminetetraacetic acid protected oxi- 
dative phosphorylation from HgCle, but not from p-chloromer- 
curibenzoate. 

5. Iodoacetamide, o-iodosobenzoate, Ag+, Cut++, and Cd*+t+ 
also stimulated the rate of potassium exchange and diminished 
the total amount bound. 
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Previous investigations have shown that dialysed cell-free 
extracts of Clostridium kluyveri are unable to reduce diphos- 
phopyridine nucleotide with hydrogen unless supplemented with 
a boiled cell extract prepared from the same source (1). The 
boiled cell extract is not required for dye or flavin nucleotide 
reduction (2). Of various naturally occurring compounds tested, 
only flavin adenine dinucleotide could stimulate DPN reduction 
with hydrogen by dialyzed extracts, but the stimulatory ac- 
tivity of the boiled cell extract could not be explained on the 
basis of its FAD content alone. Thus, when tested at equal 
concentrations, as measured by the absorption at 450 muy, the 
boiled cell extract was consistently much more active than pure 
FAD; furthermore, the maximal rate obtained with saturation 
levels of the extract was approximately 60% higher than the 
rate obtained with saturation levels of FAD. The possibility 
that the FAD contained an inhibitor not present in the extract 
was eliminated by showing that synthetic FAD and FAD isolated 
from natural sources, including that isolated from C. kluyveri, 
were equally effective. Moreover, the addition of saturation 
levels of boiled cell extract to saturation levels of FAD con- 
sistently gave activity comparable to that obtained with satura- 
tion levels of the extract alone. 

The present experiments are concerned with the relationship 
of FAD to the stimulatory activity of the boiled cell extract. 
The data indicate that the activity of the extract is actually due 
to two components, one of which can be replaced by FAD. The 
second cofactor is as yet unidentified, but some of its properties 
are described. The presence of both FAD and the unknown 
cofactor is necessary for maximal rates of pyridine nucleotide 
reduction with hydrogen. Neither is active alone with a com- 
pletely resolved cell-free extract. A preliminary account of this 
work has been published (3). 


EXPERIMENTAL PROCEDURE 


The preparation of dialyzed C. kluyvert extract, boiled cell 
extract, and the sources of the various chemicals were previously 
described (2). FAD was purchased from the Takeda Pharma- 
ceutical Industries, Ltd., Osaka, Japan. The snake venom 
(Crotalus adamanteus), alkaline phosphatase, and purified prepa- 
rations of pancreatic ribonuclease, 5’-nucleotidase, snake venom 
diesterase, and bull semen phosphatase were generous gifts of 
Dr. Leon Heppel. 


* The major portion of this work was completed during the 
tenure (1957-1959) by S.C.K. of a Public Health Service Research 
Fellowship at the National Heart Institute, Bethesda, Maryland. 
Present address, Department of Pharmacology, Washington 
University School of Medicine, St. Louis, Missouri. 
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Activity Determination—DPN reduction with hydrogen was 
measured by coupling DPNH formation with the lactic acid 
dehydrogenase system and determining the amount of pyruvate 
that disappeared under a hydrogen atmosphere. When neces- 
sary, control tubes with helium as the gas phase were also run. 

In the initial experiments, a stock reaction mixture containing 
the following components in a final volume of 2.1 ml was prepared 
immediately before assay: 500 wmoles of triethanolamine chloride 
buffer pH 8, 20.4 umoles of DPN, 7.5 umoles of potassium pyru- 
vate, 10 umoles of glutathione, and crystalline lactic acid dehy- 
drogenase sufficient to catalyze the oxidation of 30 umoles of 
DPNH under standard assay conditions (4). This assay mixture 
(0.2 ml) (Assay Mixture No. 1) was added to 13- X 100-mm test 
tubes, and either water, FAD, or the material to be tested for 
cofactor activity (or an appropriate combination of the above) 
was added to bring the volume to 0.37 ml. A rapid stream of 
tank hydrogen (or helium) delivered from a 22-gauge, 5-inch 
hypodermic needle was directed on the surface of the tube con- 
tents and 0.015 ml of 0.1 m ferrous sulfate and 0.1 ml of dialyzed 
C. kluyvert extract were added. Addition of the ferrous sulfate 
and the extract took approximately 1 minute. The tubes were 
stoppered simultaneously with removal of the hypodermic needle 
and incubated with shaking at 30° for 4 hour. At the end of 
this time period, 0.2 ml of 10% perchloric acid and 1.5 ml of 
water were added; the tube contents were thoroughly mixed and 
centrifuged. A total of 0.8 ml of the supernatant solution was 
analyzed for pyruvate according to the method of Friedemann 
and Haugen (5). 

After it was observed that even low concentrations of salt 
markedly inhibit the reaction (see below), the stock assay mix- 
ture was revised to contain 200 uwmoles of triethanolamine buffer 
pH 8, and 21 yumoles of potassium pyruvate in 2.1 ml (Assay 
Mixture No. 2). DPN, glutathione, and lactic acid dehydrogen- 
ase were present in the concentrations cited above. Extract 
addition and incubation were performed in an identical manner. 
The reaction was terminated with 0.2 ml of 10% perchloric acid; 
2.0 ml of water were added, the tube contents mixed and cen- 
trifuged, and 0.4 ml of the supernatant solution was analyzed for 
pyruvate. 

Chromatography of Boiled Cell Extract—A total of 450 mg of 
Magnesol (Upjohn Company) were mixed with 5 g of Celite. A 
column 3 cm in diameter was prepared from the mixture and 
then washed with water to remove the major portion of fine 
particles. A total of 30 ml of boiled cell extract (pH approxi- 
mately 6) were added to the column and elution was begun with 
0.02 m potassium acetate buffer pH 4. Fractions containing 5 
to 10 ml were collected. After 70 ml had passed through the 
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column, elution was continued with 0.05 m triethanolamine 
buffer pH 9, until essentially all the yellow color (largely caused 
by flavins; see below) had been washed from the column. 

For preparative purposes, a column 9 cm in diameter and 6 
cm high was prepared from a heavy slurry consisting of 12.15 g 
of Magnesol and 135 g of Celite. A liter of boiled cell extract 
was poured over the column and elution performed with 0.02 m 
potassium acetate pH 4.7. Fractions (250 ml) were collected by 
application of a small vacuum to the receiving vessel. The 
first two fractions were colorless; subsequent fractions appeared 
slightly yellow, and elution was continued until the eluates were 
colorless. No attempt was made to elute the flavins from these 
large columns with the triethanolamine buffer. The fractions 
were combined, lyophilized, and the dried powder stored at —17° 
before use. In the experiments reported below, solutions of this 
material (‘‘cofactor”’) were prepared by suspending 400 mg in 
10 ml of distilled water; insoluble material, mostly fine particles 
of Magnesol, was discarded after centrifugation. 

Qualitative assay for FAD in the eluates was done with 
purified preparations of Neurospora crassa nitrate reductase 
(6). FAD and riboflavin monophosphate were determined quan- 
titatively by the method of Burch (7) with a Farrand fluorome- 
ter. A Beckman model DU or Cary recording spectrophotome- 
ter was used for optical density measurements. 

Treatment of Extract with Dowex 1-HCl—For some experiments, 
removal of the cofactor from dialyzed extracts was accomplished 
by treatment with Dowex 1-HCl. A volume of resin (100 to 200 
mesh, 10% cross-linked) equal to one-half the volume of ex- 
tract used was placed in a column and washed with ice-cold water 
which had been deaerated by bubbling hydrogen through it. 
The extract was forced through the column rapidly with the use 
of hydrogen gas, and the eluate was collected in an atmosphere 
of hydrogen. The pH was finally adjusted to 7.5 with a few 
drops of 0.1 M potassium phosphate buffer pH 7.5. 


RESULTS 


Resolution of the boiled cell extract into two components has 
been achieved by chromatography on a Magnesol column. The 
results are shown in Fig. 1. A cofactor capable of stimulating 
DPN reduction with hydrogen can be eluted with water or 
dilute buffer at slightly acid pH. After elution of this material, 
a second active component can be eluted with dilute triethanol- 


0.02M NaAc, 


pH 40, 
ELUATE 


0.05M TEA, 
pH9.0, 


ELUATE 


EFFLUENT 


PER 0.1 ML. FRACTION 


oO 
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pmoles PYRUVATE REDUCED 


ml THROUGH COLUMN 


Fig. 1. Resolution of boiled cell extract into two components 
by chromatography on a Magnesol column. Pyruvate reduction 
was determined by the standard assay procedure with Assay 
Mixture No. 1. Additional details in text. NaAc, sodium ace- 
tate; TEA, triethanolamine. 
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Fic. 2. Effect of cofactor addition in the presence of saturation 
amounts of FAD. Pyruvate reduction was determined by the 
standard assay procedure with Assay Mixture No.2. The values 
of FAD refer to the final amounts present in the reaction mixture 
(0.485 ml). Concentration of cofactor solution was 40 mg per ml 
(see ‘‘Experimental Procedure’’). 


amine buffer at pH 9. This material, eluted at alkaline pH, 
has been identified as FAD. All active alkaline eluates show a 
sharp absorption maximum at 450 my and can replace FAD in 
the nitrate reductase assay. Quantitative determination of 
flavin content shows that at least 67% of the material absorbing 
at 450 mu is FAD, and, on this basis, it is fully as active as 
natural or synthetic FAD in stimulating DPN reduction by 
hydrogen. It is interesting to note that previous measurements 
have shown that at least 70 to 80% of the riboflavin content of 
C. kluyvert can be accounted for as FAD (8, 9). 

Fig. 2 shows that when cofactor, i.e. material eluted from a 
Magnesol column by dilute acidic buffer, is added to saturation 
levels of FAD, there is a marked stimulation of pyruvate reduc- 
tion by hydrogen.! Other materials which have been tested for 
their ability to stimulate the reduction of DPN in the presence 
of saturating amounts of FAD include: AMP, ADP, ATP, 
NMN, TPN, CoA, riboflavin monophosphate, thiamine pyro- 
phosphate, lipoic acid, yeast extract, various pteridine deriva- 
tives, and crude CoA and TPN concentrates from yeast and 
liver. None of these preparations had any stimulatory effects 
on the system. 

Detailed experiments were performed with riboflavin mono- 
phosphate, in view of the recent report that this compound 


could replace the boiled cell extract (from C. kluyvert) in the 


hydrogen-dependent DPN reduction catalysed by extracts of 
Hydrogenomonas eutropha (10). At final concentrations ranging 
from 10-‘ to 10-8 m, riboflavin monophosphate had no significant 
effect, either stimulatory or inhibitory, when assayed singly, in 
the presence of FAD, or in the presence of cofactor isolated from 
the Magnesol column.? 

Some dialyzed extracts of C. kluyveri show essentially no 
response to the cofactor or FAD. In this case, the simultaneous 
addition of both the cofactor and FAD is required for DPN 


1 The effect of cofactor over saturation levels of FAD can also 
be measured manometrically in a Warburg manometer by determin- 
ing hydrogen uptake. This method was not employed routinely 
for assay of cofactor activity, since it did not possess any advan- 
tages over the assay based on pyruvate disappearance. 

2 Fluorometric analysis of the boiled cell extract and cofactor 
solutions (40 mg per ml) has shown that, with the minimal amounts 
necessary for saturation, the final riboflavin monophosphate 
concentration which could have been contributed was either 1.77 
X 10-* (boiled cell extract) or 2.52 X 107 m (cofactor). 
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Fig. 3. Dependence of pyruvate reduction on the presence of 
FAD and cofactor. Pyruvate reduction was determined by the 
standard assay procedure with Assay Mixture No.1. The values 
of FAD refer to the final concentration present in the reaction 
mixture (0.485 ml). Concentration of cofactor solution was 40 
mg per ml (see ‘‘Experimental Procedure’’). 


reduction with hydrogen. Fig. 3 shows that when cofactor is 
added in the absence of FAD, no stimulation of DPN reduction 
by hydrogen is observed. However, when both cofactor and 
FAD are present, DPN reduction is obtained and the magnitude 
of the cofactor response depends on the amount of FAD added. 
In the experiment shown in Fig. 3, FAD alone had negligible 
activity. 

Resolution of Dialyzed Extract—Not all dialyzed extracts show 
complete dependence on both FAD and cofactor; they usually 
show some response to either material. In all cases, addition 
of the partially purified cofactor does stimulate the rate of DPN 
reduction obtained with saturation amounts of FAD. The 
data of Table I summarize results showing that good resolution 
can sometimes be obtained by freezing and thawing of dialyzed 
extracts or by treatment with an ion exchange resin (Dowex 1- 
HCl). These techniques are variable in their effectiveness, and 
all efforts to modify them to obtain consistently good resolution 
have failed. As can be seen from the data of Experiment 1, 
Table I, the untreated extract was activated by either FAD or 
cofactor, and the amount of pyruvate reduced when both were 
present was not much greater than the additive values of each 
added independently. However, after freezing and thawing 
once, FAD and cofactor had only 57 and 23% of their original 
activity, respectively, and the value obtained when both were 
present was twofold greater than the calculated additive figure. 
The data also indicate that the extract had lost 30% of its orig- 
inal activity, as measured either with boiled cell extract or a 
combination of FAD and cofactor. The data of Experiment 2, 
obtained with a different enzyme preparation, show that after 
treatment with Dowex 1-HCl (see “Experimental Procedure’’), 
the extract is almost completely inactive in the presence of either 
FAD or cofactor alone, but good activity is obtained when both 
are present. Partial resolution of the extract has been obtained 
also by treatment with charcoal; however, all other techniques 
tried, including ammonium sulfate fractionation, aging, and 
extended dialysis against buffers of various pH, have resulted in 
a complete loss of the ability of the extract to reduce DPN with 
hydrogen, whereas dye reduction and flavin nucleotide reduction 
were only slightly affected. 

Purification and Properties of Cofactor—Thus far the only 
assay available for the cofactor is based on stimulation of DPN 


Pyridine Nucleotide Reduction 


reduction by hydrogen over that obtained with saturation levels 
of FAD (see Fig. 2). In spite of several obstacles inherent in 
this assay (see below), the following general properties may be 
ascribed to the cofactor as isolated from the Magnesol column: 
(a) The eluate can be lyophilized, and neutral aqueous solutions 
of the lyophilized powder are stable for a year. (6) It is not 
cationic at pH 3 to 4, since it is not retained by Dowex 50 in the 
hydrogen form. At pH 7 the cofactor is absorbed on various 
weak and strong anion resins; these include Dowex 1-acetate, 
Dowex 1-formate, Dowex 1-chloride, Dowex 2-formate, Amber. 
lite CG-45, Duolite A-4, and diethylaminoethy] cellulose-formate, 
(c) The cofactor can be adsorbed on either Norit or Nuchar and 
eluted with 50% pyridine; elution was not, however, quantita- 
tive, and the maximal recovery obtained was about 50%. (d) 
The cofactor is more stable in acid than in alkali. Heating at 
100° for 10 minutes with 1 n KOH completely destroyed activity, 
whereas activity can be recovered almost entirely under similar 
conditions in the presence of 0.1 n KOH, and 1 n or 0.1 n HCL. 
Standing overnight at room temperature in 1 n HCl or KOH 
destroyed activity completely, although 79 and 100% of the 


cofactor was recovered in the presence of 0.1 n KOH and HCl, | 


respectively. If the cofactor was taken to dryness in the presence 
of 5 n formic acid, approximately 50% of the activity was 
recovered. (e) Preparations of the cofactor have been ob- 
tained which were completely colorless, although all prepara- 
tions have absorption maxima near 260 mu. 

The data in Table II show that the stimulatory effect of the 
boiled cell extract was abolished by the action of crude snake 
venom or crude intestinal phosphatase. The data also indicate 
that the action of these preparations was on the cofactor; subse- 
quent experiments have shown that these results were not due 
to the production of an inhibitor. Incubation of the cofactor 
with partially purified snake venom diesterase, bull semen phos- 


phatase, 5’-nucleotidase, and pancreatic ribonuclease did not — 


result in any decrease of cofactor activity. The identity of the 
enzyme(s) in snake venom or intestinal phosphatase responsible 
for cofactor inactivation must still be established. 

These general properties would indicate that the cofactor 
should be amenable to purification by a variety of procedures. 


TaBLeE I 
Resolution of C. kluyveri extract 


Pyruvate reduction was determined by the standard assay © 
procedure with Assay Mixture No. 1 (Experiment 1) or Assay | 
Mixture No. 2 (Experiment 2) supplemented with FAD, cofactor, | 
Final volume 


or boiled cell extract, as indicated in the table. 
was 0.485 ml. 


Experiment 1 ne 
Addition to reaction mixture Amount Dialyzed 
extract Dowex- 
| “and” | tested 
thawed cata 
once 

14.5 myumoles 0.139 | 0.082 | 0.11 
eee err 2 mg 0.255 | 0.059 | 0.13 
FAD, cofactor......... 14.5 mymoles, 2 | 0.445 | 0.314 | 0.81 

mg 
Boiled cell extract..... 0.05 ml 0.382 | 0.280; — 
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TABLE II 


Effect of snake venom and intestinal phosphatase 
on boiled cell extract and cofactor 


Boiled cell extract (BCE) (1.2 ml) or cofactor (40 mg) were 
each incubated with 5 and 2 mg of snake venom (S.V.) and in- 
testinal phosphatase (I.P.), respectively, in the presence of 100 
umoles of triethanolamine buffer pH 8; final volume, 1.5 ml. Con- 
trol tubes contained snake venom or intestinal phosphatase which 
had been heated at 100° for 5 minutes before addition of boiled 
cell extract or cofactor. After incubation at 30° for 2} hours, the 
tubes were boiled for 5 minutes, cooled, and 0.05 ml was assayed 
for activity by the standard assay procedure with Assay Mixture 
No. 2. 


FAD, or cofactor addition 
pmoles 
FAD + 0.817 
FAD + (cofactor + S.V.)................ 0.123 
FAD + (cofactor + I.P.)................ 0.123 
FAD + (cofactor + boiled S.V.)......... 0.665 
FAD + (cofactor + boiled I.P.)......... 0.665 


* FAD concentration was 2.99 * 10-5 m. 


However, no reproducible success has been achieved at all in 
this regard. Although evidence exists that the cofactor can be 
eluted from Dowex anion resins with 1 n KCl or 5 n formic 
acid, the recovery is extremely low, generally less than 10%. 
Eluted fractions invariably contain an inhibitor, probably salt 
(see below), and recovery in the case of salt elution is therefore 
complicated by the fact that samples must be desalted before 
assay. Purification is also rendered difficult by the inability to 
chromatogram the cofactor on paper. For instance, when the 
paper is developed in a solvent system consisting of equal parts 
of n-propanol, pyridine, and water, at least seven distinct ultra- 
violet absorbing bands are visible. Elution of these bands 
individually or in combination by either dilute base (ammonia), 
dilute acid (formic), or water, generally yielded no cofactor ac- 
tivity. Eluates from clear areas not absorbing in the ultra- 
violet had no activity either when assayed alone or in appropriate 
combination with materials from other regions of the chromato- 
gram. 

Factors Influencing Cofactor Assay—The obstacles encountered 
in purification of the cofactor could also have been due to limita- 
tions in the assay procedure used above. Experiments were 


* When elution was performed with salts of nonvolatile acids, 
desalting was accomplished by absorption of the cofactor on a 
small Nuchar column which was then thoroughly washed with 
water. The cofactor was eluted with 50% pyridine, the pyridine 
was extracted with chloroform, and the aqueous phase was taken 
to dryness and redissolved in a small volume of water before assay. 

n salts of volatile acids, such as ammonium formate, were 
used for elution, desalting was performed by passage of the sample 
through a Dowex 50 (hydrogen form) column; the effluent and 
water wash were then taken to dryness. 
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TaBLeE III 
Effect of buffer and salt on cofactor assay 
Triethanolamine added to reaction mixture* Pyruvate reducedt 

pmoles pmoles 

100 0.032 

50T 0.123 

20 0.203 

20 plus 2 umoles K-acetate 0.157 


* pH 8; 0.485 ml. 

Tt Because of cofactor; 0.06 ml. Pyruvate disappearance was 
determined by the standard assay procedure with Assay Mixture 
No. 1 which had been modified to contain the amounts of buffer 
indicated above. Approximately 50 umoles of buffer are present 
in the unmodified reaction mixture. Final concentration of FAD 
was 2.99 X 10-5 a. 


consequently performed to determine some of the variables which 
might affect response of the dialyzed extract to cofactor. 

When fractions obtained by elution of cofactor from various 
anion resins were tested for activity, the maximal rate of pyru- 
vate reduction was generally much less than the rate obtained 
with saturation levels of starting material. In numerous ex- 
periments, increasing the concentration of the eluted fractions did 
not increase the rate of reduction, but, on the contrary, produced 
a decrease in the rate of any endogenous reduction. It was 
observed that these samples, assayed in the presence of un- 
treated cofactor, actually inhibited the reaction. Subsequent 
studies have shown that this was due to the sensitivity of the 
dialyzed extracts to small variations in salt concentration. The 
data in Table III indicate that the magnitude of the cofactor 
response depended markedly on the concentration of buffer 
present in the reaction mixture. Even at the lowest triethanol- 
amine buffer concentration (20 umoles) sufficient to control the 
pH, the addition of 2 umoles of potassium acetate produced a 
23% inhibition. Other salts which also inhibited were: ammo- 
nium acetate, ammonium chloride, ammonium sulfate, sodium 
chloride, potassium chloride, potassium sulfate, and potassium 
pyruvate. In view of these results, it was found necessary, 
during preliminary attempts at purification of the cofactor, to 
desalt samples before assay (see above). 

Preincubation of the boiled cell extract with dialyzed C. 
kluyvert extract under hydrogen before the addition of DPN, 
pyruvate, and lactic acid dehydrogenase had little effect. How- 
ever, under similar conditions, preincubation with the cofactor 
as isolated from the Magnesol column significantly stimulated 
the rate of pyruvate reduction. Representative results are 
shown in Table IV. If the cofactor had been preincubated for 
30 minutes with the dialyzed extract, the amount of pyruvate 
reduced was approximately 24 times greater when compared to 
tubes to which cofactor was added along with the DPN, pyruvate 
and lactic acid dehydrogenase. The extent of cofactor stimula- 
tion was now some 14-fold; this should be compared to the six- 
fold stimulation obtained when cofactor was not preincubated 
with the extract. Part of this increase in cofactor stimulation 
was caused by the decrease in endogenous pyruvate disap- 
pearance. This may have been due to resolution of the dialyzed 
extract during preincubation, analogous to the effect of freezing 
and thawing mentioned previously. 

The conditions for obtaining the preincubation effect with 
cofactor were next examined, and the results are shown in Table 
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TABLE IV 
Effect of preincubation with cofactor on pyruvate reduction 

The complete preincubation medium contained 25 uwmoles of 
triethanolamine buffer pH 8, 1.5 wmoles of GSH, 1.5 uwmoles of 
ferrous sulfate, 14 mumoles of FAD, 2 mg of cofactor, and 0.1 ml 
of dialyzed C. kluyveri extract in a volume of 0.3 ml. The tubes 
were preincubated at 30° with shaking under hydrogen. After 
varying time periods (see table), the tubes were opened and the 
following components were added while flushing with hydrogen: 
0.05 ml (2 mg) of cofactor, 0.05 ml of lactic acid dehydrogenase, 
0.72 umole of DPN, and 2.24 umoles of potassium pyruvate. 
Water (0.05 ml) was added to tubes which did not receive cofac- 
tor or to tubes which contained cofactor during the preincubation 
period. The final volume was 0.51 ml. After an additional in- 
cubation for 30 minutes, the reaction was terminated with per- 
chloric acid and assayed for residual pyruvate as described under 
‘‘Experimental Procedure.’’ 


Pyruvate reduced under He 
Length of 

preincubation or tion; present during uring preincu- 

assay assay bation 

min umoles pumoles pmoles 

0 0.272 0.800 0.799 

15 0.232 0.678 1.068 

30 0.064 0.423 1.055 

60 0.081 0.498 1.113 

TABLE V 


Requirements for preincubation effect with cofactor 

The complete preincubation medium is described in the legend 
to Table IV. The tubes were preincubated under hydrogen at 30° 
with shaking; in the experiment in which hydrogen was omitted, 
helium was used as the gas phase. After 15 minutes, the tubes 
were opened, flushed with hydrogen, and the component missing 
during the preincubation period was added along with DPN, 
lactic acid dehydrogenase, and potassium pyruvate at the con- 
centrations cited in Table IV. After an additional incubation 
for 30 minutes, the reaction was terminated with perchloric acid 
and assayed for residual pyruvate as described under ‘‘Experi- 
mental Procedure.’’ 


Pyruvate reduced due to 
Variation of preincubation medium preincubation with cofactor 
for 15 min 

pmoles 
0.125 


V. Both hydrogen and FAD are required, whereas ferrous ion 
or glutathione are not necessary. Unfortunately, preliminary 
experiments have indicated that the inhibition by salt may be 
only partially overcome, if at all, by preincubation. Neverthe- 
less, preincubation of the cofactor with the dialyzed extract, 
before the addition of DPN, pyruvate, and lactic acid dehy- 
drogenase, does improve the cofactor assay. Fig. 4 shows the 
effect of increasing levels of cofactor, preincubated with the 
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T 


nm 
T 


NO PRE-INCUBATION 


pmoies PYRUVATE REDUCED 
@ 


Ds OH 


O .04 08 16 
ml. COFACTOR ADDED 


Fic. 4. Effect of preincubation on cofactor assay. The com- 
plete preincubation medium contained: 25 umoles of triethanol- 
amine buffer pH 8, 1.5 umoles of GSH, 1.5 umoles of ferrous sulfate, 
14 mumoles of FAD, 0.15 ml of dialyzed C. kluyveri extract, and 
varying amounts of cofactor solution, 40 mg per ml (as indicated 
on the abscissa) in a volume of 0.4 ml. After 30 minutes pre- 
incubation, the tubes were opened and the following components 
were added while flushing with hydrogen: 0.05 ml of lactic acid 
dehydrogenase, 0.72 umole of DPN, and 2.24 umoles of potassium 
pyruvate. Cofactor (as indicated) was added to those tubes 
which received none during preincubation. The final volume of 
all tubes was 0.62 ml upon the addition of appropriate amounts of 
water. After additional incubation for 30 minutes, the reaction 
was terminated with perchloric acid and assayed for residual 
pyruvate as described under ‘‘Experimental Procedure.’’ 


dialyzed extract, on the rate of pyruvate reduction. When 
compared with tubes which did not contain cofactor during the 
preincubation period, the results show that not only is a greater 
amount of pyruvate reduced, but the slope of the linear portion 
of the saturation curve has been significantly increased. 


DISCUSSION 


The data in this paper show that restoration by boiled cell 
extract of the ability of dialyzed C. kluyvert extracts to reduce 
DPN with molecular hydrogen is due to the presence of two 
components in the extract. One of these components can be 
replaced by FAD, the other is unidentified. Earlier experi- 
ments have demonstrated that the stimulatory activity of the 
boiled cell extract is completely abolished by treatment with 
dilute alkali or nucleotide pyrophosphatase (2). These results 
are consistent with the inactivation by such procedures of the 
FAD present in the extract. 

Evidence has also been given previously for the presence of 
at least two enzymes in the C. kluyvert extract which are neces- 
sary for DPN reduction with hydrogen (2). Since it has been 
shown that the boiled cell extract is not required for flavin 
nucleotide reduction, whereas FAD is required for DPN reduc- 
tion, the following pathway may be postulated: 


— FAD — cofactor — DPN 


The effects of preincubation, especially the requirements for 
hydrogen and FAD, may be explained on this basis if it 1s as- 
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sumed that the reduced form of the cofactor is more effectively 
bound to the enzyme(s). The possibility of a reaction between 
(reduced) FAD and the cofactor to form an active component 
cannot, however, be excluded. 

The manner in which DPN is reduced with molecular hydrogen 
by C. kluyvert extracts is apparently different from the reaction 
catalyzed by extracts of Hydrogenomonas ruhlandii. Vishniac 
et al. (11-13) have not detected any cofactor requirements for 
this system, and postulate that DPN is the primary electron 
acceptor which subsequently reduces other compounds such as 
dyes and flavins. Evidence for this conclusion was based on 
their observation that H. ruhlandit extracts, which were capable 
initially of reducing both dyes and DPN, catalyzed only the 
reduction of DPN after purification. Wittenberger and Re- 
paske (14), however, have obtained extracts of Hydrogenomonas 
eutropha which were not able to reduce DPN but could reduce 
dyes, and Peck and Gest (15) have shown that benzyl viologen 
was necessary for DPN reduction by hydrogen with extracts of 
Escherichia coli. DPN is not the primary electron acceptor in 
the C. kluyvert system, since the boiled cell extract, which is 
required for the reduction of pyridine nucleotide, has no effect on 
the reduction of either flavin nucleotides or dyes by dialyzed 
extracts (2). Shuster (16) has also observed that dialysis of C. 
kluyvert extracts abolishes their ability to reduce DPN, but does 
not affect the capacity to reduce other acceptors, such as methy]- 
ene blue, folic acid, or ferricyanide, with molecular hydrogen. 
Furthermore, extracts of C. kluyvert can be prepared which are 
also unable to reduce DPN, even in the presence of boiled cell 
extract, but still reduce dyes and flavins. The different results 
obtained with H. ruhlandiit and C. kluyveri, H. eutropha, and 
E. coli may be due to the existence of several alternate pathways 
of hydrogen oxidation which show varying labilities in extracts 
of the different organisms. However, the decrease in DPN 
reduction obtained in the presence of several dyes, which sug- 
gests competition for a common intermediate, would argue 
against the presence of alternative pathways in C. kluyveri.® 


‘It should be noted that there is no direct evidence that the 
stimulatory activity of the ‘‘cofactor,’’ as isolated from the Mag- 
nesol column, is due to one compound. This assumption may be 
misleading, since, as the data in this paper show, earlier use of 
the terms ‘‘cofactor’’ and ‘‘boiled cell extract’’ interchangeably 
was not justified. 

Unpublished experiments. 
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SUMMARY 


The boiled cell extract which is necessary for the reduction of 
diphosphopyridine nucleotide with hydrogen by dialyzed 
extract of Clostridium kluyvert has been resolved into two com- 
ponents. One of these is identical with flavin adenine dinu- 
cleotide; the other has not yet been identified. With a com- 
pletely resolved dialyzed extract, both components are required 
and the available evidence suggests that the reduction proceeds 
according to the following scheme: 


H. — FAD — cofactor — DPN 


Some of the general properties of the unidentified second co- 
factor are described. 


Acknowledgment—We are indebted to Dr. Helen Burch, De- 
partment of Pharmacology, Washington University School of 
Medicine, Saint Louis, Missouri, for her generous assistance in 
the fluorometric determination of flavin nucleotides. 


REFERENCES 


. Korxgs, S., J. Biol. Chem., 216, 737 (1955). 
. Kinsxy, 8. C., J. Biol. Chem., 234, 973 (1959). 
. Kinsxy, 8S. C., anp StaptmMan, E. R., Federation Proc., 18, 
260 (1959). 
KorNBERG, A.,in P. CoLowick anp N.O. Kapitan (Editors) 
Methods in enzymology, Vol. I, Academic Press, Inc., New 
York, 1955, p. 441. 
5. FRIEDEMANN, T. E., anp HavuGeEn, G. E., J. Biol. Chem., 
147, 415 (1943). 
6. Kinsxy,S. C., anp McE.roy, W. D., Arch Biochem. Biophys., 
73, 466 (1958). 
7. Burcu, H. B.,inS. P. CoLtowick anp N. O. Kapian (Editors), 
Methods in enzymology, Vol. III, Academic Press, Inc., New 
York, 1957, p. 960. 
8. DeLuca, C., WEBER, M. M., anp Kaptan, N. O., J. Biol. 
Chem., 233, 559 (1956). 
9. PEEL, J. L., Biochem. J., 69, 403 (1958). 
10. Repaske, R., anp Sewarp, C., Biochem. Biophys. Research 
Comm., 2, 397 (1960). 

11. Packer, L., aND VisHnr1ac, W., Biochem. et Biophys. Acta, 17, 
153 (1955). 

12. Packer, L., Arch Biochim. Biophys., 78, 54 (1958). 

13. BERNSTEIN, S., AND VIsHNIAC, W., Federation Proc., 18, 192 
(1959). 

14. WITTENBERGER, C. L., aND RepaskKE, R., Bacteriol. Proc., 
106 (1958). 

15. Peck, H. D., ano Gest, H., Biochim et Biophys. Acta, 15, 587 
(1954). 

16. SHusterR, C. W., Ph.D. Thesis, University of Illinois, 1958. 


| 
| 
| 
| 
- 
id 
ad 
e- 
ts 
id 
OS 
of 
of 
On 
al 
en | 
he | 
on 
ell | 
ce 
wo 
be | 
ri- | 
he | 
th | 
he 
of 
for 


Tre JoURNAL OF BioLoGicaL CHEMISTRY 
Vol. 236, No. 2, February 1961 
Printed in U.S.A. 


A Comparative Study of Dihydrolipoyl Dehydrogenase 


and Diaphorase* 


Rosert L. SEARLS AND D. R. SANapI 


From the Gerontology Branch, National Heart Institute, National Institutes of Health, and the Baltimore City Hospitals, 
Baltimore 24, Maryland 


(Received for publication, August 24, 1960) 


The purification and some of the properties of a flavoprotein 
component of a-ketoglutaric dehydrogenase complex have been 
described in a previous communication (1). In several of its 
properties, this flavoprotein shows a remarkable resemblance to 
the flavoprotein first isolated by Straub (2) and later studied by 
Savage (3). They have the same prosthetic group (flavin 
adenine dinucleotide) and are both highly fluorescent. They 
catalyze the reduction of 2,6-dichlorophenolinduphenol by re- 
duced diphosphopyridine nucleotide at comparable rates. They 
have the same electrophoretic mobility at pH 7.2 and at pH 6.5. 
Finally, the spectrum of the flavoprotein component of a- 
ketoglutaric dehydrogenase complex and the spectrum obtained 
after its reduction with excess DPNH are very similar to the 
spectra obtained under similar conditions by Savage. 

While the above work on the components and reaction se- 
quence of the a-ketoglutaric dehydrogenase complex was under 
investigation and partially completed in our laboratory, the 
physiological role of diaphorase was being investigated by 
Massey. He reported that diaphorase prepared by a new and 
more gentle procedure had dihydrolipoy] dehydrogenase activity 
(4). He later showed that a-ketoglutaric dehydrogenase com- 
plex can be obtained in a resolved form consisting of a flavopro- 
tein and a colorless component, and that the flavoprotein can 
be replaced by diaphorase in reconstituting the full activity of 
the complex. From these results, he proposed that the true 
role of the classic diaphorase is that of a component of the a- 
ketoglutaric dehydrogenase complex (5). 

In this paper we wish to compare further the spectral and 
enzymatic properties of the flavoprotein isolated by our method 
(1) from a-ketoglutaric dehydrogenase complex and the flavo- 
protein isolated by Straub. These enzymes have previously 
been referred to in terms of their original assay, dihydrolipoyl 
dehydrogenase for the former and diaphorase for the latter. 
Since both preparations catalyse both reactions, the first will be 
referred to as a-ketoglutaric dehydrogenase flavoprotein and the 
second as Straub flavoprotein in this paper. 


* This is paper [IX in the series entitled ‘‘a-Ketoglutaric Dehy- 
drogenase.’’ The work was partly supported by a grant-in-aid 
from the American Heart Association, Inc. The material in this 
paper is taken from a thesis submitted by Robert L. Searls in par- 
tial fulfillment of the requirements for the degree of Doctor of 
Philosophy, University of California, Berkeley, California. In 
view of the recommendation of the official committee of the Amer- 
ican Chemical Society, the editors have adopted the use of the 
term ‘‘lipoic acid’’ instead of ‘‘thioctic acid.’? This terminology 
will be used by the authors in accordance with these directions. 


EXPERIMENTAL PROCEDURE 


The preparation of the KGDH! flavoprotein has been described 
(1). Some preparations which did not reach the desired level of 
purity were further purified by adsorption on calcium phosphate 
gel (3 to 6 mg of gel by dry weight per mg of protein in 0.01 m 
phosphate buffer pH 7.2), washing twice with 0.1 m phosphate 
pH 7.6, and finally elution with 0.1 m phosphate containing 4% 
ammonium sulfate. The Straub flavoprotein was purified by 
the procedure of Straub (2). DPNH-cytochrome c reductase 
was prepared and assayed as described by Mahler et al. (6). 
The preparation was not carried through the complete procedure 
and had only 70% of the activity expected of the final fraction. 
The dihydrolipoyl dehydrogenase assay (LS2 reduction assay) 
has been described (1). 

The diaphorase assay was modified several times. Initially 
the conditions were those of Savage (3) except that the dye was 
added 2 minutes after the enzyme, in order to reduce an initial 
lag (1). Under these conditions, the reaction rate was reproduci- 
ble and proportional to enzyme concentration but did not seem 
to be proportional to flavin content from one preparation to 
another. It was later found that KGDH flavoprotein, which 
had aged at —10°, lost activity when it was diluted extensively 
for the LS, reduction assay unless it was stabilized with albumin 
or EDTA. If the enzyme was diluted for the diaphorase assay 
in the presence of these compounds, no initial lag was observed, 
but the activity was one-third to one-fifth that which is shown in 
their absence (see also Reference (7)), and it still was not pro- 
portional to the flavin content from one preparation to another. 
Finally, it was found that addition of cadmium chloride to the 
enzyme would give very high rates for the diaphorase assay, 
and that these rates were proportional to flavin content (8). 
Similar effects have been obtained with Cut++ (7). The re- 
action mixture for the assay in the presence of Cd** con- 
tained 150 ymoles of phosphate pH 7.3, 0.2 umole of DPNH, 
0.03 ml of 0.1% 2,6-dichlorophenolindophenol, and 0.2 pumole 
of cadmium chloride in 3.0 ml. Other experimental condi- 
tions and procedures have been described previously (1). 


RESULTS 


Massey has reported that a flavoprotein which he has isolated 
from the Keilen-Hartree type particles by a new procedure had 
both diaphorase and dihydrohpoyl dehydrogenase activity (4). 


1 The following abbreviations will be used: KGDH, a-keto- 
glutaric dehydrogenase; EDTA, ethylenediaminetetraacetate. 
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This flavoprotein was believed to be identical with the Straub 
flavoprotein on the basis of the spectrum of the oxidized enzyme, 
the sedimentation constant, and activity in the diaphorase assay. 
The flavoprotein isolated, by a method which followed closely 
the original procedure of Straub, also showed a high level of 
dihydrolipoyl dehydrogenase activity (Table I). The diaphorase 
activity found was less than that reported by Savage, presumably 
because of the aforementioned assay difficulties, but the activity 
in the dihydrolipoyl dehydrogenase assay was the same as the 
activity of KGDH flavoprotein of the same flavin content (1). 

The DPNH-cytochrome c reductase of Mahler, in contrast, 
had very little dihydrolipoyl dehydrogenase activity (Table II). 
It contained some dihydrolipoyl dehydrogenase activity at all 
stages, but the ratio of DPNH-cytochrome c reductase activity 
to dihydrolipoyl dehydrogenase activity increased with puri- 
fication. It would appear that if this enzyme does, in fact, have 
any activity in the dihydrolipoyl dehydrogenase reaction, it can- 
not be more than 1% of the activity of Straub or KGDH flavo- 
protein. 

The similarity of the spectrum of KGDH flavoprotein before 
and after reduction with DPNH to the spectra of Straub flavo- 
protein obtained under the same conditions (3) was one of the 
observations which suggested early in our studies (9) that these 
two flavoproteins might be identical When KGDH flavopro- 
tein was reduced with dihydrolipoate, a spectrum was obtained 
which has no counterpart in the literature. The difference spec- 
trum showed peaks at 485 my, 460 mu, and 375 muy, and negative 
peaks at 520 my, 420 my, and 320 my (1). Fig. 1 shows the spec- 
trum of Straub flavoprotein reduced under the same conditions. 
Superimposed on this is the difference spectrum obtained upon 
reduction of KGDH flavoprotein with dihydrolipoate (Spectrum 


-D). Spectrum C (the difference spectrum for Straub flavopro- 


tein) and Spectrum D (the difference spectrum for KGDH 
flavoprotein) are seen to be nearly identical. 

Straub flavoprotein and KGDH flavoprotein were also com- 
pared on the basis of their enzymatic properties. Fig. 2 shows 
the variation with pH of the activity of each enzyme for the 


TABLE I 
Dihydrolipoyl dehydrogenase activity of Straub flavoprotein 
Diaphorase* | ES: seduction 
pumoles/min/mg 
Alcohol-(NH,)2SO, solution........... 0.07 2.6 
Alumina eluate....................... 0.46 3.87 
First (NH,)2SO, fractionation......... 2.40 22.2 
Second (NH,)2SO, fractionation....... 2.22 41.1 
* Assayed as described by Savage (3). 
TaBLeE II 
Dihydrolipoyl dehydrogenase activity of 
DPNH-cytochrome c reductase 
Cytochrome c | LS: reduction 
reduction assay 
AA/min/mg | umole/min/mg 
Acetone powder extract............... 21 0.33 
First (NH,)2SO, fractionation......... 51 0.97 
Second (NH,)2SO, fractionation....... 127 0.56 
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Fig. 1. Reduction of Straub flavoprotein by dihydrolipoate. 
Curve A is the spectrum of 3.3 mg of Straub flavoprotein in 0.70 ml 
of phosphate buffer pH 7.3. Curve B shows the spectrum after 
addition of 1.7 umoles of dihydrolipoate in 0.1 ml. Curve C is the 
difference spectrum. Curve D is the difference spectrum of 
KGDH flavoprotein which has been reduced under identical con- 
ditions. All spectra have been corrected for dilution. The re- 
duction was carried out in an atmosphere of nitrogen (1). 
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Fig. 2. The pH-activity curve for the reduction of pi-lipoamide 
by DPNH. These assays were carried out under the standard 
conditions (1). The pH was adjusted by varying the ratio of di- 
potassium phosphate to monopotassium phosphate, keeping the 
total phosphate concentration constant. The pH was measured 
at the end of each experiment. Curve A represents the data with 
KGDH flavoprotein and Curve B, those with Straub flavoprotein. 
Curve C was obtained with intact a-ketoglutaric dehydrogenase 
complex. 


reduction of lipoamide by DPNH. The maximal activity for 
both enzymes was obtained at pH 7.1. It is of interest to note 
that the original a-ketoglutaric dehydrogenase complex has a 
lower pH optimum (Curve C) which is indicative either of a 
change in the disengaged flavoprotein or of the effect of binding 
of the flavoprotein to the rest of the a-ketoglutaric dehydrogenase 
complex. 

Fig. 3 shows the pH activity curve of each enzyme for the 
reduction of lipoic acid by DPNH. The rates increased from 
pH 7.0 to pH 5.6 and were constant from pH 5.6 to pH 5.2. 
There was no detectable destruction of DPNH down to pH 5.2 
under these conditions; the absorbancy at 340 my and the total 
decrease in absorbancy upon completion of enzyme reaction 
remained constant. There was an extremely rapid decrease in 
activity between pH 5.2 and pH 4.8. The rate was no longer 
linear with time below pH 4.9 (Fig. 4). The initial absorbancy 


at 340 my did not change, but the net change caused by the 
enzymatic reaction became less. It is not known whether this 
was due to destruction of the DPNH, to denaturation of the 
enzyme, or to the existence of an important ionization at this 
pH. A somewhat different effect was obtained with the lipo- 
amide as the acceptor (Fig. 5). 


In this case, the reaction rate 
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Fic. 3. The pH-activity curve for the reduction of pL-lipoate 
by DPNH. The reaction mixture contained 0.25 umole of DPNH, 
1.5 umoles of lipoie acid, 0.2 wmole of EDTA, and varying ratios 
of sodium acetate and histidine hydrochloride. The total reac- 
tion volume was 1.0 ml containing 50 umoles of buffer. The pH 
was measured at the end of each experiment. Curve A represents 
the data with KGDH flavoprotein and Curve B, those with Straub 
flavoprotein. Curve C was obtained with intact a-ketoglutaric 
dehydrogenase complex in phosphate buffer. 
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Fic. 4. Reduction of lipoate by DPNH at acid pH. The reac- 
tion mixture is the same as in Fig. 3 except that acetate buffer 
was used. The final pH for each reaction is shown at the end of 


the rate curve. 
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Fic. 5. Reduction of lipoamide by DPNH at acid pH. The re- 


action mixture is the same as in Fig. 2. The final pH for each 
reaction is shown at the end of the rate curve. 
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Fic. 6. Effect of lipoamide concentration on ‘reaction rate. 
The reaction mixture contained 50 wmoles of phosphate pH 7.0, 
0.24 umole of DPNH, 1 wmole of EDTA, and 0.075 to 0.75 umole 
of pL-lipoamide in 0.05 ml of ethanol in a total volume of 1.0 ml. 
The rate of DPNH oxidation after the addition of enzyme was 
measured at 30°. S = umoles of lipoamide; v = change in ab- 
sorbancy per minute at 340 mu. O——O, 0.40 ug of KGDH flavo- 
protein (1 mole of flavin per 70,000 g) in 0.002 m EDTA-0.01 
phosphate; O——O, 0.44 ug of Straub flavoprotein (1 mole of 
flavin per 100,000 g) in 0.002 m EDTA-0.01 m phosphate. 


TaBLeE III 
Effect of heat on enzyme activities 


The diaphorase activity of Straub flavoprotein was measured 
by the procedure of Savage (3). The diaphorase activity of 
KGDH flavoprotein was carried out in the presence of cadmium 
ion. Before each experiment, the flavoprotein was exhaustively 
dialyzed against glass-distilled water. The pH was then adjusted 
as indicated with 0.1% NH,OH and heated for 5 minutes in a 
water bath. The activity is expressed in umoles of DPNH oxi- 
dized per minute per mg of protein. 


0° 80° 90° 


pH 7.3 | pH 6.2 | pH 8.0 | pH 6.2 


Straub flavoprotein 


LS: reduction assay................ 23.1 | 25.1 | 21.4 | 11.4 

Diaphorase assay.................. 1.5! 1.4] 1.4] 0.3 
KGDH flavoprotein 

LS2 reduction assay................ 67.0 | 67.0 | 73.0 | 32.0 

Diaphorase assay.................. 2.1; 2.0] 0.8 


accelerated at pH 6.0, but was linear at pH 6.3 or above. Sur- 
prisingly, the final rate at pH values below 6.0 approaches the 
initial rate at pH 7.1. 

The Michaelis constants and turnover numbers for these two 
enzymes with lipoamide as substrate were determined by the 
double reciprocal plot procedure (10) (Fig. 6). The Michaelis 
constant for the KGDH flavoprotein was 1.3 x 10-3 M, and for 
the Straub flavoprotein, 1.5 x 10-* m. These values may be 
high because of the presence of polymerized lipoamide (1). The 
maximal rates were determined from these plots, and the turn- 
over numbers were calculated as the maximal number of umoles 
of DPNH oxidized per minute per umole of enzyme-flavin 
adenine dinucleotide at 30°. The values obtained under our 
experimental conditions were 19,000 and 18,000 for the two 
flavoproteins, respectively. These values are approximately one- 
fourth of the values reported by Massey (5), although the ex- 
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perimental conditions are not far different. We have no ex- 
planation for this discrepancy. 

Heat Stability—The heat stability of Straub flavoprotein was 
one of its unusual qualities (2). Heating for 5 minutes at 70° 
destroyed only 10% of the activity of the purified enzyme. The 
KGDH flavoprotein was found to have equal heat stability (Ta- 
ble III). Heating for 5 minutes at 80° at pH 6.2 or pH 8.0 did 
not destroy the activity of either flavoprotein in either assay. 
Even after heating for 8 minutes at 90°, significant activity in 
both assays with either flavoprotein was retained. 


DISCUSSION 


In the course of his elegant investigation of the physiological 
role of diaphorase, Massey found that DPNH-cytochrome c 
reductase and diaphorase could be isolated separately from the 
same particulate preparation of hog heart. He found further 
that diaphorase isolated by a more gentle method than that of 
Straub could transfer electrons from DPNH to lipoate. With 
the discovery that a-ketoglutaric dehydrogenase complex con- 
tains a flavoprotein, he proposed that the true role of diaphorase 
is as a member of the a-ketoglutaric dehydrogenase complex. 

Simultaneous with this work, an investigation of the com- 
ponents and mechanism of a-ketoglutaric dehydrogenase com- 
plex was being carried on in our laboratory. Independently, it 
was found that digestion of the complex with trypsin would 
split it into two fractions, one of which was a flavoprotein with 
high diaphorase activity. The properties of this flavoprotein 
were so similar to the known properties of Straub diaphorase that 
further comparison of the two enzymes was undertaken. This 
has been of considerable value because of the conflicting views 
of Ziegler et al. (11). The properties of the two enzymes which 
have so far been documented are: (a) both have the same initial 
source; (b) both have the same prosthetic group (flavin adenine 
dinucleotide); (c) both catalyse the same reactions; (d) neither 
can be resolved with respect to flavin adenine dinucleotide with 
acid ammonium sulfate; (e) both precipitate between 50 and 60% 
of saturation with ammonium sulfate and both are soluble in 
the absence of salt; (f) both are extremely heat stable; (g) both 
are fluorescent; (h) they have identical spectra oxidized, reduced 
with DPNH, or reduced with dihydrolipoate; (z) they have the 
same Michaelis constant with lipoamide and the same turnover 
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number in this reaction; (j) they have the same mobility on 
electrophoresis. The properties which are unique in this list are 
fluorescence and the spectrum obtained upon reduction with 
dihydrolipoic acid. We have yet to find a property by which 
the two flavoproteins may be distinguished. 

The single discordant fact was the variation of the ratio of 
dihydrolipoyl dehydrogenase activity to diaphorase activity. 
Whether the flavoprotein was purified according to Straub or 
from a-ketoglutaric dehydrogenase complex, the dihydrolipoyl 
dehydrogenase activity was purified to a greater extent, particu- 
larly in the final stages. More recently it has been found that 
if the diaphorase activity is measured in the presence of cadmium 
ion, the results are more reproducible; and this ratio remains 
constant throughout purification (8, 10). 


SUMMARY 


The flavoprotein component of a-ketoglutaric dehydrogenase 
has been compared with Straub diaphorase on the basis of its 
enzymatic, catalytic, and physical properties. To this time, 
we have been unable to find a property in which these two flavo- 
proteins differ. 


Acknowledgment—The authors wish to acknowledge with 
appreciation the capable assistance of Miss Patricia Knell in this 
work. 
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Although Ascaris lumbricoides, an adult intestinal nematode 
of the pig, lives in a habitat in which the oxygen tension is ex- 
tremely low, considerable amounts of oxygen are taken up if the 
parasite is exposed to an aerobic environment (1, 2). Experi- 
ments with intact worms, homogenates, and particulate prepara- 
tions confirmed these observations and demonstrated that oxygen 
uptake is dependent markedly upon the oxygen tension and 
results in the formation of H.O, (3, 4). Furthermore, oxidation 
of succinate occurs despite the absence of detectable amounts of 
cytochrome c and cytochrome oxidase and is stimulated by the 
addition of Mn++ (4). These results suggested that the terminal 
oxidase of adult Ascaris is a metal-catalyzed flavoprotein en- 
zyme. An increasing body of evidence indicates that Ascaris 
is not unique among organisms with a mechanism of electron 
transport different from the classical cytochrome system of mam- 
malian tissues; examples are found in some other helminth 
parasites (4), in certain bacteria (5), and in other organisms (6). 

Although the terminal step of respiration in Ascaris was in- 
vestigated in the case of the oxidation of succinate, little informa- 
tion is available for diphosphopyridine nucleotide-linked enzymes 
or for the mechanisms concerned with electron transport from 
substrate to oxygen which operates in the absence of a detectable 
cytochrome system. The present investigation deals with the 
characteristics and interactions of the electron transport system 
that catalyzes the oxidation of succinate and DPNH in Ascaris 
muscle. The results suggest that electron transport from both 
substrates occurs through the participation of flavin enzymes, 
and that a coupling of these systems results in the rapid an- 
aerobic reduction of fumarate by DPNH. 


EXPERIMENTAL PROCEDURE 


Particles containing succinoxidase activity were obtained 
from muscle strips of Ascaris lumbricoides var. suis by a modifi- 
cation of a method used previously (4). Fresh or frozen muscle 
(stored at —20°), was ground in an all glass Potter-Elvehjem 
homogenizer with 4 volumes of a solution containing 0.04 m 
Tris buffer (pH 8.5) and 3.6 units per ml of catalase! This 
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1 One unit of catalase activity is defined as that amount of en- 
zyme which causes a density change of 1.0 per minute in the spec- 
trophotometric assay (7). One milligram of the crude catalase 
contained 3.6 units of activity. 


and all subsequent operations were carried out between 2 and 4°. 
The supernatant obtained by centrifuging the homogenate at 
3000 x g for 10 minutes was centrifuged at 100,000 x g for 14 
hours in a preparative Spinco model L ultracentrifuge. The 
particulate residue was suspended in 2 volumes of 20% sucrose 
containing 0.04 m Tris buffer pH 8.5. After recentrifugation at 
144,000 x g for 14 hours, the washed particles were resuspended 
in the sucrose-Tris solution. The volume of the latter was 
adjusted so that 1 ml of the particulate succinoxidase suspension 
was equivalent to 1 g of muscle. This preparation will be re- 
ferred to as Fraction R2. It contained 1 to 3 mg of protein per 
ml and could be stored at —20° without loss of activity for at 
least a month. 2 
Oxygen uptake was measured in the conventional Warburg 
apparatus at 37° in flasks of 5- to 7-ml capacity, with air as the 
gas phase. The reaction mixture contained 80 umoles of Tris 
buffer (pH 8.5), 0.2% ethanol, 18 units of crude catalase, 0.5 


_ mmole of MnCle, 0.2 ml of the particulate enzyme, and either 


50 wmoles of sodium succinate or 3 uymoles of DPNH in a final 
volume of 1.0 ml. DPNH, when used as the substrate, was 
tipped into the reaction flask from the side arm after temperature 
equilibration. With methylene blue as the electron acceptor, 
the reaction mixture was identical except that only 0.1 ml of the 
enzyme and 0.075 mg of the dye were added, and that Mn++ 
was omitted. Succinic dehydrogenase assays were performed 
in the presence of phenazine methosulfate (8) with 0.4 mg of 
phenazine methosulfate, 80 umoles of Tris buffer (pH 8.5), 50 
umoles of succinate, 0.05% bovine serum albumin, and 0.05 to 
0.1 ml of enzyme in a total volume of 1 ml. 


The oxidation or reduction of cytochrome c was measured at 


a wave length of 550 my in a Beckman model DU spectropho- 
tometer at room temperature. For the determination of cyto- 
chrome oxidase activity, the reaction mixture contained, in 
a total volume of 1.0 ml, 0.5 umole of reduced cytochrome c, 
80 umoles of Tris buffer (pH 8.5), and 0.1 ml of Fraction R2. 
For this assay, a stock solution of cytochrome c was reduced 
with a few crystals of Na»S.O, and excess reducing agent was 
destroyed by aeration. Determination of the enzymatic reduc- 
tion of cytochrome c was carried out in the same manner, except 
that oxidized cytochrome c was used in the presence of 50 umoles 
of succinate or 3.0 umoles of DPNH. 

Acetone powders were prepared by using a succinoxidase 
fraction which was isolated according to the procedure described 
above, except that sucrose was omitted. A concentrated sus- 
pension of this fraction in 5 ml of 0.04 m Tris buffer (pH 8.5), 
equivalent to 30 g of muscle, was homogenized rapidly with 20 
volumes of ice-cold acetone and filtered through Whatman No. 1 


584 


oOo 


| 
| 
| 
Ww. 
(C 
az 
di 
we 
| Ps 


February 1961 


filter paper with suction. The residue was washed once with 
10 volumes of cold acetone and dried overnight in a vacuum over 
silica gel at 2°. The acetone powder containing the active suc- 
cinic dehydrogenase was stable for several weeks when stored 
at 2° in a vacuum. 

For the determination of succinate and fumarate, the reaction 
mixtures were deproteinized with perchloric acid (final concen- 
tration, 5%), and were centrifuged at 1000 xX g for 15 minutes. 
The pH of the supernatant was adjusted to between 6.5 and 7.0 
by the addition of 2 n KOH. After the mixture had stood for 
1 hour at 0°, the potassium perchlorate was removed by cen- 
trifugation. The supernatant was treated with Norit A (30 
mg per ml) until the nucleotide peak at 260 mu was no longer 
observed. Usually two successive adsorptions with Norit were 
required before the nucleotide peak had disappeared. Fumarate 
in the Norit-treated sample was estimated with a crystalline 
fumarase preparation from pig heart (9). The initial concen- 
tration of fumarate and the amount remaining at equilibrium 
after the addition of fumarase was determined spectrophoto- 
metrically (10) at a wave length of 240 my at room temperature. 
The equilibrium constant, K'.,. = 3.7, for fumarase was obtained 
on the basis of the average amount of fumarate converted to 
malate at substrate concentrations of 1.0 to 3.0 x 10-‘m. The 
assay mixture contained the following components in a total 
volume of 1.0 ml: 33 umoles of phosphate buffer (pH 7.3), 178 
units of fumarase, and an aliquot of the Norit-treated extract. 
Under these conditions the fumarase-catalyzed reaction reached 
equilibrium in 3 to 4 minutes in the presence of 0.3 umole of 
fumarate. One unit of fumarase is defined as the amount of 
enzyme which catalyzes a decrease in the optical density of 
0.001 x 10% per 15 seconds at an initial fumarate concentration 
of 3 X 10-* 

Succinate was determined by a modification of the spectro- 
photometric ferricyanide method (11). The reaction mixture, 
in a total volume of 1.0 ml, contained 80 uwmoles of Tris buffer 
(pH 8.5), 0.6 wmole of potassium ferricyanide, 0.05% bovine 
serum albumin, 0.2 ml of Fraction R2 containing 0.3% sodium 
deoxycholate, and an aliquot of the Norit-treated extract con- 
taining enough succinate to reduce approximately one-half of 
the added ferricyanide. The reaction was started by adding an 
aliquot of the Norit-treated extract, and the reduction of ferri- 
cyanide was followed at a wave length of 410 mu. It was found 
that the recovery of succinate varied between 95 and 103%, 
and that succinate could be estimated in the presence of a five- 
fold molar excess of fumarate. In the latter case, the reduction 
of ferricyanide by succinate required 30 to 45 minutes to reach 
completion. DPNH interferes with this method, but treatment 
with Norit results in the removal of this substance. 

Protein was determined by the method of Lowry et al. (12) 
with bovine serum albumin (Pentex, crystallized) as a standard. 
Tris (obtained from G. Frederick Smith Chemical Company) 
was purified by crystallization from hot alcoholic solutions 
treated with charcoal (4). Catalase was a crude preparation 
(Catalase 10) obtained from Armour and Company, and phen- 
azine methosulfate was synthesized from phenazine (Organic 
Research Chemicals, Willow Road, Colnbrook, England) and 
dimethyl sulfate as outlined by Singer and Kearney (8). Com- 
mercial preparations of sodium succinate and of fumaric acid 
were recrystallized before use, and DPNH was obtained from 
Pabst Laboratories. 
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TABLE I 
Succinozidase activity of fractions isolated 
from Ascaris muscle 


Phenazine 
mg ul O2/hr/mg protein 

Crude homogenate.............. 3973 | 11.1 53.6 95.2 
First supernatant............... 2307 5.5 49.0 79.5 
Rl (residue, 100,000 K g)....... 539 | 21.6; 150.0 | 449.0 
R2 (residue, 144,000 K g)....... 223 | 54.2| 164.0) 578.0 
165.5 | 883.0 | 2030.0 


TABLE II 
Effect of Mn**, catalase, and ethanol on DPNH and 
succinic oxidase activities 
Method of assay as detailed under ‘‘Experimental Procedure.’’ 


No. Additions Activity 
pl O2/hr 
1 | DPNH 21.6 
DPNH + Mn*tt 19.9 
DPNH + catalase + ethanol 25.8 
DPNH + catalase + ethanol + Mn** 39.4 
2 | Succinate 27.8 
Succinate + Mn** 27.5 
Succinate + catalase + ethanol 32.4 
Succinate + catalase + ethanol + Mn** 47.2 
RESULTS 


General Characteristics of Ascaris Succinoxidase—Results ob- 
tained for a typical fractionation of Ascaris muscle. are sum- 
marized in Table I. Addition of methylene blue produced a 
marked stimulation in the activity of the system, and an even 
more pronounced increase in activity was observed in the pres- 
ence of phenazine methosulfate. Fraction R2 was relatively 
specific for succinate. Pyruvate and a-ketoglutarate were oxi- 
dized only slowly, whereas no significant stimulation of oxygen 
uptake was observed in the presence of malate, fumarate, citrate, 
or a-glycerophosphate. In addition to succinic oxidase, Fraction 
R2 also contained DPNH oxidase activity (Table II). Oxida- 
tion of both substrates was stimulated to the same degree by 
ethanol, catalase, and manganese ions. These results suggested 
that H O2 was an end product of DPNH, as well as of succinate 
oxidation (3, 4). In contrast to DPNH, no oxidative activity 
in Fraction R2 was detected if TPNH was the substrate, either 
by measuring oxygen uptake or by determining the optical den- 
sity at 340 my. Examination of Fraction R2 in the electron 
microscope suggested that the enzymes comprising the succinoxi- 
dase complex are bound firmly within mitochondria of Ascaris 
muscle cells. These findings will be reported in detail elsewhere. 

Fraction R2 could be purified further without changing its 
particulate nature by either of two methods. In the first 
method, the pH was raised to between 9.9 and 10.0, and the 
preparation was diluted five times with a cold 20% sucrose solu- 
tion. In the second method, n-butanol was added in the cold 
until a final concentration of 5% was reached. The insoluble 
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Fic. 1. pH optima for succinate and DPNH oxidation by Frac- 

tion R2 under standard assay conditions at 37° in Tris buffers. 

Curves A, B, and C represent activities in the presence of air, 

methylene blue, and phenazine methosulfate, respectively, when 

succinate was the substrate. Curve D represents the activity in 

air when DPNH was the substrate. pH measurements were made 
on vessel contents at the conclusion of the experiment. 


succinoxidase complex was recovered in both cases in the residue 
after centrifugation at 144,000 x g for 1 hour. These treat- 
ments resulted in the release of soluble proteins from the par- 
ticles, with a corresponding increase in specific activities (Table 
I). Asimilar purification of Fraction R2 was obtained by adding 
sodium deoxycholate (final concentration, 0.3%) followed by 
ammonium sulfate fractionation. Almost all of the succinoxi- 
dase activity was recovered in the fraction which precipitated 
between 20 and 45% saturation. The fractionated succinoxidase 
preparation (“‘Sol’’ R2), in 20% sucrose containing 0.04 m Tris 
buffer (pH 8.5), was soluble when centrifuged at 144,000 x g 
for 60 minutes, and concentrated solutions had a pronounced 
amber color. Both insoluble and soluble succinoxidase prep- 
arations were stable for at least a month at —20°. 

Unless stated otherwise, the results reported subsequently 
were obtained with Fraction R2. 

Effect of pH on Activity—The pH optima with succinate at 
37° are recorded in Fig. 1. The optimal pH was found to be 
8.5 with phenazine methosulfate, 8.9 with methylene blue, and 
8.5 with air as the terminal acceptor. An optimal pH of 8.3 
for the oxidase has been reported when 100%, rather than 20% 
oxygen was used (4). The DPNH oxidase had the same optimal 


pH as the succinoxidase system, but maximal activity fell into 
a slightly narrower pH range. 

Effect of Substrate Concentration—The Michaelis-Menten con- 
stant, K,,., of Fraction R2 for succinate was 2.4 X 10-3 m in the 
With phenazine methosulfate as the 


ferricyanide assay at 25°. 
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acceptor, the K,, for succinate was 1.7 XX 10-3 m at 38°. The 
Michaelis constants for the Ascaris enzyme are higher than those 
determined for succinic dehydrogenase of aerobic forms of life, 
but lower than those for obligatory anaerobes (13). 

Properties of the Terminal Oxidase—When either succinate or 
DPNH was the substrate, oxygen uptake by the terminal oxidase 
was stimulated by Mn++ (Table II). This effect was observed 
only with oxygen as the terminal acceptor. Other metal ions 
such as copper, molybdenum, zinc, oxidized or reduced iron, 
calcium, aluminum, nickel, or magnesium, were either without 
effect or were inhibitory. The stimulation of Ascaris succin- 
oxidase activity by Mn++ has been reported previously (4). 
Succinoxidase activity in the absence of Mn++ was decreased 
by 61% in the presence of 2 X 10-4 m ethylenediaminetetraace- 
tate whereas no effect was observed by the addition of this chelat- 
ing agent upon the activities in the presence of methylene blue 
or phenazine methosulfate. If the ethylenediaminetetraacetate- 
treated enzyme was washed by centrifugation, the same low level 
of oxygen uptake was observed, but full activity was restored 
by the addition of 1 * 10-3m Mn++. The other metal chelating 
agents, such as 5 X 10-4 M a,a’-dipyridyl and 1 X 10-3 M di- 
ethyldithiocarbamate, had no significant effect on the succin- 
oxidase system. Phosphate (5 x 10-* m) inhibited oxidase 
activity by 40%. This inhibition which was probably caused 
by the precipitation of manganese phosphate at the pH of the 
assay (8.5) could be overcome by the addition of excess Mn**. 
8-Hydroxyquinoline (2 x 10-4 m) had no effect on the dye- 
catalyzed reactions, but stimulated oxidase activity by 50 to 
100% with either DPNH or succinate as substrates. This stim- 
ulation occurred only in the presence of Mn++. Possibly 8- 
hydroxyquinoline either combines with a metal inhibitor or, 
because of its quinoid structure, takes part in the terminal reac- 
tion in the presence of Mn++. It should be noted that in a model 
reaction system, Straub’s diaphorase, when reduced by DPNH, 
can be reoxidized by cytochrome c in the presence of iron and 
aromatic chelating agents such as 8-hydroxyquinoline and o0- 
phenanthroline (14). The stimulation of both DPNH and 
succinic oxidase activities by ethanol, catalase, Mn++, and 8- 
hydroxyquinoline, suggests that both substrates are contributing 
electrons to a common terminal oxidase. 

The activity of the peroxide-forming, Mn++-activated termi- 
nal oxidase, with either DPNH or succinate as substrate, was 
clearly dependent upon the partial pressure of oxygen (Fig. 2); 
this behavior contrasts markedly with systems in which the 
terminal electron carrier is cytochrome oxidase (15). On re- 
plotting of these data by the double reciprocal method, the Kn 
found for oxygen was 8.8 X 10-2 M and 4.3 x 10-? m in the suc- 
cinate and DPNH systems, respectively. These and other re- 
sults (3, 4) provide strong evidence for the presence in Ascaris 
muscle of a flavoprotein terminal oxidase. However, attempts 
to dissociate the flavin from Fraction R2 at low pH, or from 
“Sol”? R2 by a combination of low pH and ammonium sulfate 
fractionation, were not successful. 

In the presence of succinate or of DPNH and of Fraction R2, 
a reduction of cytochrome c was observed. Under these condi- 
tions, cytochrome c was reoxidized at an extremely slow rate; 
the rate of this reoxidation was not affected by cyanide (1 X 
10-3 m). The rate of reduction of cytochrome was 10 to 20 
times slower than the oxidation of succinate or of DPNH in the 
presence of air (Table VIII). These assays were carried out at 
pH 8.5, in the presence of Tris buffer. In the presence of phos- 
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phate buffer at pH 7.0, the oxidation of reduced cytochrome c 
was barely measurable. Therefore, neither cytochrome c nor 
cytochrome oxidase can play a significant role in the transport 
of electrons from these two substrates to atmospheric oxygen, 
catalyzed by the particulate enzyme system of Ascaris muscle. 

Relation of Dehydrogenases to Electron Transport System— 
When both succinate and DPNH were used as substrates simul- 
taneously, the rate of oxygen uptake in the presence of methylene 
blue approximately equaled the sum of the oxygen uptake ob- 
served with each substrate alone. On the other hand, there 
was no such additive effect when oxygen was the electron ac- 
ceptor (Table III). These data suggest that during the oxidation 
of succinate and of DPNH, electrons are transferred to a common 
terminal oxidase. 

The observations with the three electron acceptors, oxygen, 
methylene blue, and phenazine methosulfate, indicate that 
electron transport from succinic dehydrogenase terminates with 
a flavoprotein carrier which reacts directly with oxygen, rather 
than with a cytochrome system. This electron transport system 
can be dissociated from the succinic dehydrogenase of Ascaris 
muscle by a technique which has been used for beef heart particles 
by Kearney and Singer (16). Thus, acetone powders prepared 
from Fraction R2 (Table IV) contain a succinic dehydrogenase 
which reacts with phenazine methosulfate, but not with oxygen 
or methylene blue. Ferricyanide was also reduced by this 
preparation at a rate which was 40% of that obtained with phen- 
azine methosulfate. Only about 50% of the activity was ex- 
tractable in soluble form from the Ascaris acetone powder with 
0.04 m Tris buffer (pH 8.5), and attempts to solubilize the re- 
mainder with a variety of procedures, including deoxycholate, 
were not successful. Variable amounts of FAD (0 to 0.4 ug 
per mg of protein) were detected in the acetone powder after 
acid extraction in the D-amino acid oxidase assay, but no correla- 
tion between FAD content and activity was found. 

A dissociation of the Ascaris succinic dehydrogenase from 
the electron transport chain was accomplished also by the use 
of pancreatic lipase (17, 18). Under different conditions, lipase, 
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per cent O5 
Fic. 2. The effect of oxygen tension upon succinic and DPNH 
oxidase activities of Fraction R2 assayed under standard condi- 


tions, except that the atmosphere contained varying percentages 
of Oz in Ne, as indicated. 
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TABLE III 
Competitive and noncompetitive oxidation of DPNH and succinate 
in presence of air and methylene blue 
Standard assay conditions with Fraction R2. The data ob- 
tained with methylene blue have been corrected for the non- 
enzymatic reduction of the dye by DPNH. 


Substrate Air Methylene blue 
pl O2/hr/mg protein 
73.2 161.0 
Succinate + DPNH................ 74.0 306.0 
TABLE IV 


Enzymatic activity of suspensions of acetone powders prepared 
from Fraction R2 
Acetone powders were suspended in 0.04 m Tris buffer (pH 8.5) 
and assayed as described for succinoxidase preparations under 
‘“‘Experimental Procedure.’’ The results represent the average 
obtained with eight different acetone powder preparations. 


Electron acceptor Activity 
ul O2/hr/mg 
Methylene blue................. 1.3 
Phenazine methosulfate......... 21.7 


free from proteolytic activity, selectively inactivated the terminal 
oxidase without appreciably affecting the remainder of the suc- 
cinoxidase chain. The lipase used was prepared from a crude 
pancreatic powder (Nutritional Biochemicals Corporation) by 
treatment with alumina gel Cy and ammonium sulfate in the 
presence of soybean and egg white trypsin inhibitors. If Fraction 
R2 was incubated for 40 minutes at 37° with lipase and the 
complete reaction mixture with the exception of succinate and 
the electron acceptor dyes, the ability of the enzyme preparation 
to react with oxygen was diminished, whereas the dye-catalyzed 
reactions were affected only slightly (Table V). A similar dis- 
sociation of the oxidase from the methylene blue acceptor site 
was obtained with preparation ‘Sol’? R2 (Table V). In this 
instance, a preincubation for only 10 minutes was necessary to 
increase the methylene blue-oxygen and the phenazine metho- 
sulfate-oxygen activity ratios five- to sixfold. This degree of 
dissociation indicates that the oxidase is more susceptible to 
attack by lipase in a solubilized than in a particulate form and 
supplies additional evidence for the existence of separate methyl- 
ene blue and oxygen reducing sites. 

Another method of separating components of the Ascaris 
succinoxidase system was suggested by the experiments of Keilin 
and King (19), who demonstrated that the activity of a heat- 
inactivated mammalian succinoxidase was restored upon addition 
of succinic dehydrogenase. Although the electron transport 
system in Ascaris does not contain hematin components, it also 
was more stable to heat than the primary dehydrogenase (Table 
VI). Exposure of Fraction R2 to a temperature of 58° pro- 
gressively inactivated the dehydrogenase, and after 't0 mihutes, 
essentially no activity remained. If the heated enzyme was 
combined with a suspension of an acetone powder containing 
succinic dehydrogenase but no oxidase activity (Table IV), 


2 E. Bueding, unpublished results. 
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TABLE V 


Dissociation of methylene blue and O:2 reducing sites 
in two succinoxidase preparations 

Fraction R2 was preincubated in the Warburg vessel at 37° 
with # volume of a purified lipase preparation (17) per volume 
of enzyme in a complete reaction mixture, except that succinate 
and the dyes were added from the side arm at the end of the pre- 
incubation period. Lipase activity was adjusted so that a 0.02- 
ml aliquot released 18 ul of COz in 10 minutes from a sodium bi- 
carbonate (0.04 m) medium containing Cat* (0.6%), bile salts 
(1.25%, Difco), and olive oil (20%), at 37°. 


Ratio of activities 
Phenazine 
M 
period jmethosulfate/ 
min pl Oz 
0 12.7 2.8 8.0 
40 4.1 6.1 15.8 
0 28 .0 2.6 8.3 
10 5.5 10.6 48.1 
TABLE VI 


Differential inactivation of succinic dehydrogenase at 58° 


Fraction R2 was heated in a water bath and stirred with a 
thermometer to record the temperature. Aliquots removed at 
the times indicated were rapidly chilled on ice and assayed as 
soon as possible. Where used, 4.0 mg of the acetone powder of 
Fraction R2 in 0.04 m Tris buffer (pH 8.5) were added to the 
standard assay mixture. Results are expressed on the basis of 
0.2 ml of Fraction R2. 


Heated enzyme < 
Heated enzyme + 
Time acetone powder suspen- 
. Phenazine sion:* air 
Air methosulfate 

min pl Os/hr pl O2/hr 
0 42.2 458 .0 38.4 
5 16.8 52.2 23.0 
10 0.8 1.6 13.5 


* Data corrected for oxygen uptake by the acetone powder 
suspension. 


oxygen uptake could be restored to about 35% of the rate ob- 
tained with the control enzyme. Boiled acetone powder sus- 
pensions, bovine serum albumin, flavin mononucleotide, and 
FAD were not able to replace the active acetone powder. 

Heat treatment of Fraction R2 was also effective in dissociating 
the DPNH and the succinate systems. Exposure of Fraction 
R2 to a temperature of 55° for 10 minutes had no effect at all 
upon the components of the succinoxidase system, but reduced 
the activity of DPNH oxidase by 96%. Since the same terminal 
oxidase appears to accept electrons from both substrates, and 
since this oxidase is relatively stable to elevated temperatures, 
the inactivation must have occurred at the level of the DPNH 
dehydrogenase or of an intermediary electron transport site not 
involved in electron transport from succinate. 

The use of deoxycholate followed by ammonium sulfate frac- 
tionation has been useful not only in obtaining purified succin- 
oxidase preparations, but also for illustrating the existence of 
specific reducing sites for oxygen, methylene blue, and phenazine 
methosulfate. The experiment in Table VII demonstrates that 
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oxidase, methylene blue, and phenazine methosulfate activities 
do not remain in constant proportion in ammonium sulfate 
fractions of a solubilized Fraction R2. The fraction precipitated 
between 20 and 30% saturation contained only little oxidase 
activity, and the ratios between the activities observed in the 
presence of methylene blue and air, or phenazine methosulfate 
and air, were considerably higher than, and different from, those 
observed with the unfractionated control. A similar variation 
in activity ratios was found in the fraction precipitated between 
30 and 45% ammonium sulfate saturation. Therefore, the 
ammonium sulfate fraction (20 to 45% saturation) used for the 
purification of the complete succinoxidase (Table I) contained 
several dissociable constituents of the electron transport chain. 
Addition of either DPNH or succinate to Fraction R2 under 
anaerobic conditions resulted in a reduction of a substantial 
fraction of the endogenous flavin compounds. These experi- 
ments, performed in anaerobic cuvettes, were carried out with 
concentrated ‘Sol’? R2 preparations (Table I). Total extract- 
able FAD was determined in the heat- or acid-denaturated en- 
zyme system with D-amino acid oxidase, and anaerobically re- 
duced flavoprotein was estimated as FAD by the difference in 
extinction at 460 my and 500 my (20). Although the latter 
method does not identify the species of the flavin, an estimation, 
based on extraction and chromatographic analysis (21), showed 
that FAD was the major extractable component and that ribo- 
flavin and flavin mononucleotide were found only in trace 
amounts. By the use of these techniques, it was estimated that 
one-half to two-thirds of the total flavin in terms of FAD was 
reduced in different enzyme preparations containing from 0.8 to 
1.4 ug of extractable FAD per mg of protein. However, neither 
flavin mononucleotide nor FAD was reduced when added to 
Fraction R2 or ‘‘Sol”’ R2 and in the presence of succinate. 
Reversibility—The reduction of flavin components of the 
electron carrier system by succinate, as well as by DPNH, sug- 
gested that the oxidation of DPNH by the Ascaris preparation 
might be linked with the reduction of fumarate by a reversal of 
electron transport. This possibility was tested under anaerobic 
conditions. The reaction was run for 80 minutes in Warburg 
vessels gassed with Ne, in the presence of Fraction R2, DPNH, 
and fumarate. At the conclusion of the experiment, the acid 


TABLE VII 


Distribution of activity in ammonium sulfate fractions of 
deoxrycholate-solubilized R2 fraction 
The enzyme was prepared by the addition of 0.2 ml of 1.8% 


sodium deoxycholate solution per ml of Fraction R2, followed by - 


fractionation at 0° with saturated ammonium sulfate solution 
(pH 7.0). Each ammonium sulfate residue was concentrated 10- 
fold over the initial volume of solubilized Fraction R2. Assay 
conditions as detailed under ‘‘Experimental Procedure,’’ except 
that the amount of enzyme used varied, depending upon activity. 


Ratio of activities 
Ammonium sulfate 
fraction QOs (P):* air Phenazine 
Methylene ulfate 
% 
0 91.8 2.4 6.9 
20-30 26.9 12.0 43 .0 
30-45 96.3 4.3 25.5 


* QO. (P) = ul of O2 per hour per mg of protein. 
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Fic. 3. The anaerobic reduction of fumarate by DPNH and 
Fraction R2. The reaction was carried out in Warburg vessels 
gassed with nitrogen at 37° in a volume of 1 ml containing 80 
pmoles of Tris buffer pH 8.5, 6 umoles of fumarate, and 0.4 ml of 
Fraction R2; 20 uymoles of DPNH were added from the side arm 
after anerobic conditions were established. At the times indi- 
cated, the reaction in each vessel was stopped by addition of 0.2 
ml of cold 30% perchloric acid and analysis for fumarate and suc- 
cinate carried out by the procedures described in ‘‘Experimental 
Procedure.”’ 


fraction was isolated and chromatographed on acid Celite col- 
umns (22). The chromatogram indicated that, indeed, fumarate 
was reduced to succinate and that the reduction required the 
presence of DPNH. The disappearance of fumarate could be 
accounted for quantitatively by the formation of succinate (Fig. 
3). Not only was fumarate reduced rapidly, but the reduction 
of fumarate to succinate by the physiological electron donor, 
DPNH, went to completion. The increasing molar ratio of 
succinate to fumarate as the reaction progressed apparently had 
no inhibitory effect upon the particle-bound enzyme system. 
Reduced flavin mononucleotide, leukomethylviologen, and 
leukobenzylviologen, all of which are satisfactory electron donors 
for the reduction of fumarate by the mammalian or yeast succinic 
dehydrogenase (13), were not tested in these experiments. How- 
ever, benzylviologen coupled with the enzyme hydrogenase can 
carry out this reduction. To our knowledge, the rapid and 
quantitative reduction of added fumarate by DPNH, presum- 
ably via electron transport enzymes, has not been observed 
previously in other organisms. Slater (23) found that added 
DPNH was completely, but only slowly, oxidized by a Keilin- 
Hartree preparation in the presence of an excess of fumarate 
under anaerobic conditions. Although no attempt was made to 
obtain a maximal value for the rate of reduction of fumarate in 
the Ascaris system, the reduction shown in Fig. 3 proceeded at 
the rate of 11.1 uwmoles per hour per mg of protein. This rate 
was significantly higher than the oxidation of succinate in the 
presence of methylene blue; the only reaction which exceeded the 
rate of fumarate reduction was the oxidation of succinate in the 
presence of phenazine methosulfate. The rates of these and of 
outher reactions catalyzed by Fraction R2 are summarized in 
Table VIII. 


. *H. Gest, H. D. Peck, and E. Bueding, unpublished observa- 
ons. 
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TaBLeE VIII 
Rates of reactions catalyzed by Fraction R2 
Reaction Component assayed Rate 
pmoles/hr/ 
mg protean 
Succinate — O2.................... O: 2.43 
Succinate — methylene blue....... O2 7.33 
Succinate — phenazine methosul- 

Succinate — 2 cytochrome c....... Cytochrome c 0.22 
DPNH — methylene blue.......... O2 7.80 
DPNH — 2 cytochrome c.......... Cytochrome c 0.26 
2 Cytochrome c — O2.............. Cytochrome c 0.04 
2 Cytochrome c KCN* Cytochrome c 0.04 
Fumarate — succinate............. Fumarate 11.10 

* KCN, 1 X 10°? m. 

DISCUSSION 


Our observations indicate that a minimum of three separate 
steps occur in the transport of electrons from succinate to oxygen 
in preparations isolated from Ascaris muscle: (a) succinoxidase 
reacted with three electron acceptors: oxygen, methylene blue, 
and phenazine methosulfate; (b) succinic dehydrogenase was 
dissociated from the remainder of the electron transport system 
by treatment with acetone; (c) the methylene blue and oxygen 
reducing sites were dissociated from each other with lipase; (d) 
the succinic dehydrogenase and methylene blue reducing sites 
were dissociated from the terminal oxidase by heat treatment; 
(e) the constituents of the electron transport system were sepa- 
rated from each other by ammonium sulfate fractionation of the 
enzyme system solubilized with deoxycholate. The use of similar 
methods demonstrated a separate DPNH dehydrogenase which 
transferred electrons to the same terminal oxidase as did succinic 
dehydrogenase, but the exact location of the linkage has not been 
determined. This sequence of reactions can be visualized as 
follows: 

Oxygen 


b 
aK? 

DPNH dehydrogenase 


a 


Succinic dehydrogenase 


It appears that the electron transport system consists of several 
flavoprotein carriers which contain FAD. This conclusion is 
based upon the findings that riboflavin and flavin mononucleotide 
are present only in trace amounts, that H.O2 rather than water is 
produced, that demonstrable cytochrome c and cytochrome oxi- 
dase activity is absent, that the oxidase is not inhibited by cya- 
nide, azide, or antimycin A (2), that oxidase activity is dependent 
upon oxygen tension and Mn**, and that methylene blue and 
phenazine methosulfate are known acceptors from reduced flavo- 
protein enzymes. 

On the basis of a reduced minus oxidized difference spectrum, 
it has been claimed in a recent report (24) that a cytochrome b- 
like pigment is a constituent of the Ascaris succinoxidase system. 
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The observations were confirmed in the present study in varying 
degrees with almost all succinoxidase preparations from Ascaris 
muscle, but also with Ascaris muscle hemoglobins, purified ac- 
cording to Davenport (25); attempts to separate these pigments 
from the oxidase preparations have been unsuccessful. No 
physiological function is known for Ascaris muscle hemoglobins. 
Possibly, as postulated by Laser (3), they act as weak peroxi- 
dases to destroy small amounts of H.O2 formed when the worm 
is exposed to low oxygen tensions. In the same paper (24) it is 
also postulated that the cytochrome system plays a role in the 
terminal respiration of Ascaris muscle. This statement is based 
on the following. (a) It is reported that cytochrome c stimu- 
lated the oxidation of ascorbic acid by a particulate preparation 
of Ascaris muscle. We have been unable to detect any stimu- 
latory effect of ascorbic acid oxidation under the conditions given 
in this paper. In addition, if correction is made for the rate of 
ascorbic oxidation in the absence of the Ascaris muscle prepara- 
tion, the catalytic effect of the latter was found to be extremely 
low and variable both in the presence and the absence of cyto- 
chrome c. (6) It is reported that ascorbic acid oxidation by the 
Ascaris muscle preparation was inhibited by KCN (1 X 10-3 m) 
to an extent of 90%. We have found that cyanide has no inhib- 
itory effect on this reaction; quite to the contrary, a stimulatory 
effect was observed under the conditions used by the authors 
(24). (c) It is stated that the endogenous oxygen uptake of 
Ascaris muscle pulp is stimulated by cytochrome c and that this 
effect is abolished by antimycin A. We have observed that the 
respiration of this preparation was not affected by cytochrome c 
or by antimycin A added separately or in combination with each 
other. (d) The reported reduction of cytochrome c by the Ascaris 
muscle preparation in the presence of succinate or of DPNH has 
been confirmed; however, as shown in a previous section (Table 
VIII) the Ascaris muscle system reacts with oxygen at a much 
faster rate than with cytochrome c; thus, the slow rate at which 
cytochrome c is reduced cannot account for the much more rapid 
transfer of electrons from DPNH or succinate to atmospheric 
oxygen in this particulate preparation. Furthermore, some of 
the reported reduction of cytochrome c may have been due to the 
presence of a heat stable, dialyzable factor present in Ascaris 
particulates (4). It should be pointed out also that the condi- 
tions under which enzymatic activities were measured in this 
study (24) were far from optimal, and did not take into account 
the requirement for Mn**, catalase, and the effect of pH. Asa 
result, the reported activities of the preparation were less than 
20% of those which are observed when adequate conditions for 
assaying this system are used. On the basis of these observations 
and of the data reported in this and previous papers (3, 4), it is 
concluded that the cytochrome system, if present at all, cannot 
play a significant part in-the oxidation of succinate and of DPNH 
in Ascaris muscle. 

The reversible dehydrogenation of succinate is a property of 
succinic dehydrogenases obtained from Micrococcus lactilyticus, 
heart muscle, and yeast (13). Fumarate reduction by these 
enzymes was determined with purified dehydrogenases and re- 
duced dyes or flavin compounds. In the present study, fumarate 
was reduced by a DPNH dehydrogenase coupled either directly 
or through some members of the electron transport system to the 
fumarate-reducing enzyme which presumably is identical with 
succinic dehydrogenase. The rate of this reaction is more rapid 
than that found in the methylene blue assay in the direction of 
succinate oxidation, and is much faster than that described in 
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similar experiments with Keilin-Hartree preparations (23) or in 
the fumarate-coupled oxidation of a-glycerophosphate by pig 
brain mitochondria (26). The rapid reduction of fumarate may 
be of particular importance in the predominantly anaerobic 
carbohydrate metabolism of Ascaris. Intact Ascaris produces 
only traces of lactic acid (27). Therefore, DPNH, formed during 
the conversion of carbohydrate to pyruvate, must be reoxidized 
by some other mechanisms. In Ascaris muscle at least two 
systems are available which can bring about the reoxidation of 
DPNH. One is the reduction of fumarate. This reaction not 
only is demonstrable in the particulate system isolated from this 
tissue in which it occurs at a rapid rate and is not inhibited by 
succinate, but it also must occur in the intact worm because, in 
contrast to lactate, succinate is a major fermentation product of 
Ascaris (28). Furthermore, with various species of C'*-glucose 
and C'-lactate, Saz and Vidrine (29) have observed that strips 
of Ascaris muscle convert glucose to succinate and propionate in 
accordance with the Embden-Meyerhof scheme of glycolysis, 
followed by CO, fixation into pyruvate, reduction to succinate, 
and decarboxylation of the latter to propionate. These authors 
have pointed out that under physiological conditions, the suc- 
cinoxidase system of Ascaris may catalyze the reduction of fuma- 
rate to succinate, rather than the reverse reaction. This hypoth- 
esis is supported by the observations reported in this paper. 
Another mechanism which may be involved in the reoxidation of 
DPNH in Ascaris is concerned with the formation of pentanoic 
and pentenic acids (27, 30), which is preceded by a condensation 
of propionate with acetate (31). The resulting condensation 
products may be reduced by DPNH. Thus, the production of 
these 5-carbon acids, as well as that of succinic and propionic 
acids, can provide means for the regeneration of DPN under 
anaerobic conditions. 

In phosphorylating particles isolated from Ascaris muscle, the 
DPN-linked oxidation of pyruvate is capable of supporting with a 
phosphate to oxygen ratio of about 1.0 (32). The following 
observations suggest that this phosphorylation occurs within the 
electron transport system during the dehydrogenation of DPNH 
by flavin enzymes: (a) phosphorylation is sensitive to dinitrophe- 
nol; this rules out the possibility of substrate phosphorylation; 
(b) the oxidation of succinate is not associated with phosphoryl- 
ation; this rules out sites of phosphorylation along the electron 
transport chain from this substrate to oxygen, and also along the 
portion of the chain used in common with DPNH;; (c) this type 
of phosphorylation required DPN and pyruvate; and (d) phos- 
phorylation is inhibited when DPNH and succinate are oxidized 
simultaneously. Somewhat analogous observations were made 
by Ringler and Singer (26) who demonstrated a competition for 
the cytochrome system in pig brain mitochondria when a- 
glycerophosphate and succinate were oxidized simultaneously. 
In this instance, the number of phosphorylations expected would 
be proportional to the rate at which electron transport was oper- 
ating, since both dehydrogenases probably couple through cyto- 
chrome 6 to oxygen. In the Ascaris system, on the other hand, 
the inhibition of the DPN-linked phosphorylation by succinate 
may be due to suppression of DPNH oxidation. The dinitro- 
phenol-uncoupled phosphorylation may occur either in the — 
presence or in the absence of oxygen at a preceding or at the same 
site from which electrons are transferred either to the terminal 
oxidase or tofumarate. Data of Meyerhof and Fiala (33) suggest 
also that under both anaerobic and aerobic conditions, dinitro- 
phenol-uncoupled phosphorylations occur in dried bakers’ yeast. 
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In this manner, a rapid formation of succinate in the parasitic 
worm in its normal habitat not only would provide a means for 
reoxidizing DPNH, but also would generate energy in the form 
of ATP. 


SUMMARY 


1. In a particulate fraction isolated from Ascaris muscle, 
oxidation of succinate is dependent upon oxygen tension, Mnt*, 
ethanol, and catalase for maximal activity. Similar conditions 
prevail for the oxidation of reduced diphosphopyridine nucleotide 
(DPNH) by this preparation. The pH optima for the various 
reactions of the succinoxidase system and the Michaelis-Menten 
constants for succinate and for oxygen have been determined. 

2. The rate of oxygen uptake is increased by the addition of 
8-hydroxyquinoline in the presence of Mn++ and of succinate or 
of DPNH. Other chelating agents do not have this effect. 

3. A mutual competition exists between the oxidation of 
DPNH and of succinate in the presence of oxygen. No compe- 
tition occurs when the electron acceptor is methylene blue. This 
supplies evidence for a common flavoprotein-containing terminal 
oxidase. 

4. The electron transport system in the Ascaris preparation 
contains a minimum of two electron transport carriers which are 
coupled to succinic dehydrogenase. A DPNH dehydrogenase is 
coupled with this system, but the site of coupling has not been 
localized. 

5. Under anaerobic conditions, a coupled oxidation-reduction 
between DPNH and fumarate has been demonstrated in the 
Ascaris particles. This coupled reaction is unaffected by high 
molar ratios of succinate to fumarate; it goes to completion and 
proceeds at a rate which is higher than that of the dehydrogen- 
ation of succinate in the presence of air or of methylene blue. 
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In the course of experiments concerned with respiratory con- 
trol, it was desired to assess the effects of hyperthermia upon the 
pCO; and [HCO3;°] of cerebrospinal fluid. To use the Henderson- 
Hasselbalch equation (1) for this purpose required not only 
measurements of pH and total carbon dioxide concentration, 
but knowledge at various temperatures of the pK’ of carbonic 
acid! and the solubility coefficient, S, of carbon dioxide in 
cerebrospinal fluid. The solubility of carbon dioxide in cerebro- 
spinal fluid at different temperatures should be closely predictable 
from extensive measurements on selutions of sodium chloride of 
comparable ionic strength (2,3). However, the pK’ for carbonic 
acid in cerebrospinal fluid has been derived only at one tempera- 
ture, 38° (4). The value of 6.13 obtained is considerably higher 
than that found for blood plasma (5). Since the necessary pH 
measurements in that study were performed with a colorimetric 
technique of limited accuracy, and because the data used in 
determining pK’ were not presented, it was felt necessary to 
carry out additional studies of the pK’ of carbonic acid in cerebro- 
spinal fluid. In the present investigation, attempts were made 
to obtain further information regarding the absolute value of 
pK’ and the possible influences upon it of changes in pH and 
temperature. 


EXPERIMENTAL PROCEDURE 


The general procedures employed in the study included equili- 
bration of cerebrospinal fluid or a solution of NaCl and NaHCO; 
with known tensions of carbon dioxide in a tonometer, deter- 
mination of pH and total carbon dioxide concentration in the 
fluid, and calculation of pK’. 

Fluids—Cerebrospinal fluid of normal composition was ob- 
tained from 12 patients undergoing pneumoencephalography for 
diagnostic purposes. The fluid was promptly frozen and stored 
at —20° for 1 to 9 days, and thawed just before tonometry. 
Cerebrospinal fluid from each patient was usually used for two 
determinations, although in a few instances, fluid from several 
patients was pooled. Cerebrospinal fluid has been demonstrated 
to be essentially a solution of 0.025 m NaHCO; with 0.135 m 
NaCl (6, 7); this 0.16 m “synthetic cerebrospinal fluid” was 
employed in a number of experiments for comparison with true 
cerebrospinal fluid. For the preparation of the 0.025 m NaHCO;- 
0.135 m NaCl solutions, reagent grade NaHCO; and NaCl were 


* This study was supported in part by Grant M-692 from the 
United States Department,of Health, Education and Welfare and 
in part from a research contract with the Medical Sciences Divi- 
sion, Office of Naval Research; reproduction in whole or in part 
is permitted for any purpose of the United States Government. 

1 pK’ represents the negative logarithm of the first dissociation 
step of carbonic acid, K’. K’ is defined as ag+-Muco;/Mco2, 
where ay+ is the hydrogen ion activity and mu is the molar con- 
centration. 


used; four different solutions were prepared in order to distribute 
gravimetric and volumetric errors. 

Tonometric Procedure—Determination of the pK’ in cerebro- 
spinal fluid was performed at 26, 34, and 39°. The synthetic 
fluid was studied at 26, 37, 39, and 41°. Six separate tonometric 
determinations were performed on each fluid at each of the 
temperatures at which it was equilibrated. The solution (20 
ml) was placed in a 1250-ml glass tonometer; after the tonometer 
had been flushed with the selected mixture of CO: in air, it was 
immersed in a thermostatically controlled water bath and rotated 
for 30 minutes with the total gas pressure in the vessel adjusted 
to existing barometric pressure. After equilibration with the 
pCO, of the gas phase in the tonometer, the solution was with- 
drawn anaerobically with the tonometer remaining under the 
surface of the water to prevent gas exchange resulting from 
change in temperature during sampling procedures. A sample 
of the gas was then collected from the tonometer for measurement 
of CO, concentration, permitting subsequent calculation of pCO. 
During withdrawal of samples of solution and gas, a rubber 
balloon in the tonometer was opened to room air to maintain the 
pressure in the vessel at the atmospheric level. 

Analytical Procedures—Carbon dioxide concentration in the 
tonometer gas was measured ‘in duplicate with the Scholander 
0.5-cc gas analyzer (8). 

The pH of the fluid being studied was determined in duplicate 
with a McInnes-Belcher glass microelectrode (0.2-ml capacity) 
mounted in an electrically shielded, temperature-controlled, 
Lucite chamber which contained all components of the glass 
electrode assembly including the calomel half cell, KCI reservoir, 
and silver-silver chloride electrode. The electrometer employed 
with the glass electrode system was a pH meter from Electronics 
Industries, Ltd. with rated stability of 0.002 pH unit per 12 
hours, resolution of 0.001 pH unit, and accuracy of 0.002 pH 
unit when standardized within +1.0 pH unit of test solution. 
To facilitate reading of pH, the output of this meter was recorded 
with a Texas Instrument Company recorder.’ 

The glass electrode was filled from below without opening the 
thermostatically controlled chamber. The top of the electrode 
tube was fitted with a glass cap which had only a small orifice 
open to the air in the chamber. This cap was intended to mini- 
mize errors resulting from the escape of CO, during pH measure- 
ment upon poorly buffered samples such as cerebrospinal fluid 
and bicarbonate buffers. Immediately before pH determination, 
samples were brought to approximately the desired temperature 


2 Distributed in the United States by the Milton Roy Com- 
pany, Philadelphia 18, Pennsylvania. 

3 This recorder requires 1 ma for full scale deflection and has a 
coil resistance of 1500 ohms. It has an accuracy of +1% of full 
scale deflection, corresponding to +0.001 pH unit when the pH 
meter is operated on its most sensitive range. 
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by warming them in a water bath controlled within one degree of 
the experimental temperature. The temperature of solutions 
in the glass electrode was measured at the time of each determina- 
tion by means of a thermistor mounted within the electrode. 
In a series of 84 unselected pH determinations, the mean dif- 
ference between electrode temperature and tonometer tempera- 
ture was 0.04° with a standard error of less than +0.01. The 
mean difference between duplicate measurements of pH on 18 
specimens of cerebrospinal fluid and 24 samples of the sodium 
chloride-sodium bicarbonate solution was found to be 0.002 pH 
unit, with a standard error less than +0.001. 

Each pH determination upon an unknown sample was brack- 
eted by measurement of a commercial buffer solution’ the pH 
value of which had been standardized with freshly prepared Na- 
tional Bureau of Standards 0.025 m equimolal phosphate buffer 
(9). A subsequent restandardization of the commercial buffer 
against National Bureau of Standards 0.025 m equimolal phos- 
phate and 0.01 m borate buffers (9) led to the surprising finding 
that the value used for the original equimolal phosphate buffer 
was 0.04 pH unit too high. This discrepancy was traced to the 
presence of ammonia (about 0.5 mmoles per liter) and excess car- 
bon dioxide (0.1 mmoles per liter) in the glass-distilled water used 
to make up the phosphate buffer. After the glass-distilled water 
was boiled to remove volatile agents, the equimolal phosphate 
buffer was found to have the correct pH value when compared 
with the 0.01 m borate buffer. The commercial buffers employed 
for the tonometric determination of pK’ were therefore re- 
standardized with the second, more reliably prepared National 
Bureau of Standards buffer. This permitted the previously 
measured pH and pK’ values to be properly adjusted for referral 
to an accurate buffer standard, as originally intended. 

The gross defect in the standard phosphate buffer would have 
been undetected had not the borate buffer also been employed. 
The latter is apparently not appreciably affected by the presence 
of ammonia. Certainly it is important that the distilled water 
employed in preparing National Bureau of Standards buffers 
should be boiled just before its use. 

Within 2 hours of sampling, the concentration of carbon diox- 
ide in the equilibrated cerebrospinal fluid was measured on 1-ml 
aliquots, by the manometric method of Van Slyke and Neill 
(10). The mean difference between duplicate measurements of 
carbon dioxide concentration on 18 separate samples was 0.15 
volume per cent with a standard error of +0.02 volume per cent. 
Carbon dioxide concentration of the sodium chloride-sodium 
bicarbonate solution was established by the gravimetric pro- 
cedure used in preparing the solutions. 

Derivation of Carbon Dioxide Solubility Factor—The solubility 
of carbon dioxide in cerebrospinal fluid (S = mmoles per liter 
per mm Hg of pCO:) appears not to have been experimentally 
determined at any temperature. A solubility factor, S, of 0.0316, 
used by Shohl and Karelitz (4) in calculating pK’ at 38° was 
derived from data obtained by Hastings and Sendroy on 
NaHCO;-NaCl solutions (11).~ Table I indicates for various 
temperatures the values for S employed in the present study. 
These relationships were derived for a 0.16 m solution from the 
data of Harned and Davis (2) by means of the interconversion 
procedures outlined by Markham and Kobe (12). The former 
workers studied the solubility of carbon dioxide in sodium 


‘Potassium and sodium phosphate buffer pH 7.38 + 0.01 at 
25°, available from Hartman Leddon Company, Philadelphia, 
Pennsylvania. 
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TABLE I 
Physical solubility of carbon dioxide in 
solutions of NaCl and NaHCO; 

The solubility coefficient, S, is expressed as mm CO: per liter 
per mm Hg of pCO:z. Values of S are derived for a 0.16 m total 
electrolyte concentration from data obtained at 25, 30, 35, and 
40° (2), with linear interpolation between these temperatures. 


Temperature Ss 


(mau /liter/mm Hg) 
0.0433 


& 


chloride solutions of different ionic strengths over a temperature 
range of 0 to 50°. Harned and Bonner (3) have shown that, for 
computations of hydrogen ion concentration, solutions of sodium 
bicarbonate with sodium chloride may be considered to have 
the same carbon dioxide solubility factors as a solution of sodium 
chloride at comparable ionic strength, providing that the [HCO;-] 
is not greater than 0.05 m and the ratio [Cl-]/[HCO3;-] is not less 
than 5. These conditions are met by the true and synthetic 
cerebrospinal fluid. Therefore, the solubility factors shown in 
Table I are considered reasonable. 

Calculation of pK’—Values of pK’ at various temperatures 
were calculated from the Henderson-Hasselbalch equation, using 
the values of S of Table I and experimental observations, as 
follows. For cerebrospinal fluid: 


CO: content 
pK pH — log SX pCO: 1) 
For NaHCO;-NaCl solutions: 
[NaHCO] 
pH 1 
P S X pCO: 


where CO, content and NaHCO; are each expressed in mM per 
liter, pCO. in mm Hg, and S in mmoles per liter per mm Hg. 


RESULTS 


Values obtained in 18 determinations of the pK’ of carbonic 
acid in human cerebrospinal fluid are shown in Table II; the 
average values found in 24 similar studies on 0.025 m NaHCO;- 
0.135 m NaCl solutions are presented in Table III. The data of 
each study were evaluated by multiple regression analysis (13) 
to determine the manner of interaction of pK’, pH, and tempera- 
ture. The slopes of change in pK’ against change in pH and 
temperature are significantly different from zero (p <0.01 in 
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TABLE II 
pK’ of carbonic acid in human cerebrospinal fluid 


Individual data obtained during tonometric studies in which 
temperature and pCO, were varied to determine influence of tem- 


perature and pH upon carbonic acid pK’. 


Conditions Observations Calculations 
Temperature pCOrz content pH pK’ 
mm Hg units units 
15 39 53.9 26.8 7.323 6.146 
16 39 40.1 26.2 7.429 6.126 
17 39 41.5 25.7 7.407 6.129 
22 39 55.2 25.0 7.286 6.153 
23 39 53.6 25.1 7.290 6.141 
24 39 41.5 24.5 7.386 6.129 
40 34 53.0 25.6 7.261 6.147 
4] 34 §3.2 25.9 7.271 6.152 
42 34 53.1 25.4 7.284 6.174 
43 34 29.7 24.7 7.509 6.146 
44 34 29.1 23.9 7.492 6.135 
45 34 29.0 23 .9 7.495 6.134 
33 26 44.6 22.6 7.225 6.184 
34 26 43.8 23.1 7.232 6.174 
35 26 43.5 23 .0 7.232 6.173 
36 26 27.7 22.0 7.415 6.166 
37 26 28.2 22.4 7.407 6.158 
38 26 27.7 24.6 7.455 6.154 
TaBLeE III 


pK’ of carbonic acid in 0.025 um NaHCO;-0.135 u 
NaCl solution 


Mean values and variation of data obtained by tonometry at 


different temperatures and carbon dioxide tensions. Six deter- 
minations were made at each temperature. 
Temperature pCO2z pH pK’ 
mm Hig units units 
41 46.6 + 2.4* | 7.390 + 0.023 | 6.131 + 0.002 
39 47.3 + 2.4 | 7.369 + 0.021 | 6.135 + 0.007 
37 48.0 + 2.3 | 7.348 + 0.021 | 6.140 + 0.004 
26 46.9 + 4.1 | 7.277 + 0.039 | 6.169 + 0.004 


* Standard error. 


each case). pK’ was found to rise about 0.002 unit for a fall of 
1° and about 0.092 unit for a fall of 1.0 pH unit. Over the range 
of temperature and pH of this study, the pK’ of carbonic acid 
in cerebrospinal fluid is therefore defined by the expression: pK’ = 
—0.0917 pH — 0.0022 T + 6.898, where 7' is temperature in °C. 

This equation, which was derived from the data shown in 
Table II, was then used to construct the nomogram shown in 
Fig. 1, which expresses the relationship of pK’ to temperature 
and pH over the range 26 to 40° from 7.2 to 7.5 pH units. A 
straight line between the known pH and temperature intersects 
the center line at the appropriate pK’. 

The observed rise of 0.003 unit per fall of 1° in the pK’ of 
carbonic acid in the NaHCO;-NaCl solution was found to be 
significantly different from zero (p <0.01). In contrast with 
cerebrospinal fluid, a statistically significant variation of pK’ 
with pH was not found in the prepared solution (p >0.5). 
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pk’ T (°C) 
pH 6.120 
- + 
- 
+ 6.140 755 
7434 
+ 
6.150 30 
Js 
7.35 4 
6.160 7° 
7.30 
T 6.170 lor 
T +26 
6.180 
7.20— 


Fig. 1. A nomogram for calculation of carbonic acid pK’ in 
cerebrospinal fluid. This nomogram was constructed from an 
equation derived from data obtained over the range 26-39° and 
from 7.22 to 7.51 pH units. A straight line connecting the meas- 
ured pH and temperature intersects the center line at the appli- 
cable pK’. 


DISCUSSION 


The establishment of dependable values for the pK’ of carbonic 
acid in cerebrospinal fluid is of importance in determination of 
absolute pH of cerebrospinal fluid under various conditions, of 
the changes of pH in cerebrospinal fluid induced by alterations 
of its pCO, or fixed base, and in comparisons of the pH in blood 
and cerebrospinal fluid. Each of these appears to have signifi- 
cance in studies of the chemical control of respiration (14-17). 

The results of this study indicate that true cerebrospinal fluid, 
which is similar to the NaHCO;-NaCl solution in electrolyte 
composition and in the influence of temperature upon pK’, dif- 
fers from the synthetic cerebrospinal fluid in showing a small, but 
significant variation of pK’ with change in pH. 

With a normal body temperature of 37° and a pH of 7.3 to 
correspond approximately to the pH expected in cerebrospinal 
fluid (17), the pK’ values of cerebrospinal fluid and the NaHCO;- 
NaCl solution are 6.147 and 6.140, respectively. At 38°, at 
which Shohl and Karelitz had reported a pK’ for cerebrospinal 
fluid of 6.13 without reference to pH (4), the present study indi- 
cates a pK’ of 6.145, again at pH 7.30. The small discrepancy 
in pK’ for carbonic acid in the two studies on true cerebrospinal 
fluid is actually less than it appears from the above values, since 
the pK’ reported by Shohl and Karelitz was determined on a 
pH scale which is 0.02 unit lower than the current scale of the 
National Bureau of Standards (4, 18, 19) which formed the basis 
for the present experiments. Correction of the previously 
derived pK’ to agree with the pH scale of the National Bureau 
of Standards yields a value of 6.15, virtually identical to that 
found in this study for the same temperature. 
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The values of pK’ for cerebrospinal fluid differ from those 
presented for blood by Severinghaus et al. (5) under the same 
conditions of pH and temperature (Fig. 1). Thus, at pH 7.4 
and a temperature of 37°, the pK’ values shown by the nomogram 
for blood (5) and for cerebrospinal fluid (Fig. 1) are 6.092 and 
6.138, respectively. As pointed out by Severinghaus et al., 
the S values used in constructing the nomogram for pK’ in 
blood were slightly low (20). When the recommended, more 
reliable values for S (21, 22) are employed, the pK’ for blood 
becomes 6.10 at pH 7.4 and at 37°. 

The influence of change in temperature upon pK’ of cerebro- 
spinal fluid also differs from that upon pK’ in blood. From the 
nomograms for blood (5) and cerebrospinal fluid (Fig. 1) it can 
be seen that a fall in temperature from 37 to 26° results in a 
change of pK’ in blood of 0.059 and in cerebrospinal fluid of 
0.024. The data of Severinghaus et al. (5) indicate that the 
relationship of pK’ to pH in blood varies with temperature. 
The small range of pH and the limited data at any one tempera- 
ture in the present series prevent any accurate assessment of the 
relationship of pK’ to pH in cerebrospinal fluid at different 
temperatures. 

Limitations—This study has shown the variation of carbonic 
acid pK’ in cerebrospinal fluid with changes in temperature and 
pH. The regression equation and the corresponding nomogram 
expressing pK’ as a function of these two variables aids in the 
determination of pCO, or bicarbonate concentrations in cerebro- 
spinal fluid at various temperatures. However, certain limita- 
tions in the usefulness of these data deserve emphasis. 

It is pointed out elsewhere (23, 24) that it is not feasible to 
make precise, quantitative comparison of pH values determined 
or calculated at different temperatures. The pH scale of the 
National Bureau of Standards was established by Bates et al. by 
determination of an “activity pH” (—log aH*) for several stand- 
ard buffer solutions (25). The pH of these standards was cal- 
culated by a method requiring values for single ionic activity 
coefficients which, being unmeasureable by direct means, were 
estimated. The assumptions for this estimation included the 
necessarily arbitrary selection of a value for chloride “ion size 
parameter” (25). Since the estimations of ion size parameter 
and its change with temperature are not precisely definable, the 
conventional pH scale cannot be considered to have an absolute 
or physical definition. As stated by Bates (23), the scale for 
pH is different for each temperature. Although the differences 
in pH scales may be small, the exact magnitude of their separa- 
tion is not known. Thus, quantitative comparisons of the pH 
of fluids sampled at different equilibration temperatures is 
not justified, in vivo or in vitro, if pH is to be interpreted as a 
measure of hydrogen ion activity. 

The limitation arising from the nature of the pH scales cannot 
be surmounted by use of the observed relationships of pK’ and 
temperature to calculate pH from known values of pCOz and 
carbon dioxide content. The thermodynamic ionization con- 
stant of carbonic acid, in contrast with its pK’, varies with tem- 
perature but not with pH (2). The pK’ derived tonometrically 
is, of course, not a thermodynamic entity, but the expression of 
a composite quantity which includes implicit corrections for at 
least four factors in addition to the true ionization constant 
upon which it is based. These additional factors include the 
effect of temperature and pH upon protein ionization, error in the 
values for physical solubility of carbon dioxide, fundamental 
limitations of the conventional pH scale, and the difference in 
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liquid junction potentials arising at the interface between the 
standard buffer and the salt bridge and between the test solution 
and the salt bridge. 

In spite of these obstacles to study of the effects of tempera- 
ture change upon pH in body fluids, there are special situa- 
tions in which empirically measured pH-temperature coefficients 
can be of considerable usefulness (26). When, for example, it is 
not practical to maintain the pH electrode assembly exactly at 
the body temperature of the experimental animal or subject, the 
pH-temperature coefficient determined for blood by Rosenthal 
(26) may be employed to convert a pH number measured at one 
temperature to a value representative of the experimental 
temperature at which the specimen was obtained. As has been 
pointed out elsewhere (27,28), variationsin this coefficient among 
subjects and a partial dependence of the coefficient upon pH (29) 
limit somewhat the utility of this approach. Ideally, pH 
should be measured at the body temperature of the individual 
subject. In practice, the temperature coefficient for blood may 
be employed over a small temperature range without gross error 
when suitable conditions of anaerobic sampling, storage, and pH 
measurement are met. At present, no pH-temperature coef- 
ficient is available for use with cerebrospinal fluid and, for this 
reason, measurements of cerebrospinal fluid pH must be carried 
out at temperatures very close to that of the animal or experi- 
mental condition under study. 

This discussion has re-emphasized that pH, and thus pK’, are 
defined on arbitrary, but reproducible, scales different at each 
temperature; these numbers can therefore be strictly compared 
only at a constant experimental temperature. Within this 
limitation, experimentally determined pH values are useful in 
assessing relative changes in acidity under many conditions and, 
together with pK’ values, may be utilized for unequivocal deter- 
minations of pCO, and bicarbonate concentration of cerebrospinal 
fluid in experiments conducted over the temperature range for 
which the values are available. 


SUMMARY 


The pK’ of carbonic acid in human cerebrospinal fluid has 
been determined at 39, 34, and 26°, and at various pH levels 
from 7.22 to 7.51. pK’ was found to vary inversely with tem- 
perature and pH in the manner, pK’ = —0.0917 pH —0.0022 
T + 6.898, where T is the temperature in °C. These relation- 
ships are also presented as a nomogram. Similar studies of the 
pK’ of carbonic acid in a protein-free, 0.025 m NaHCO;-0.135 
M NaCl solution showed variation of pK’ with temperature but 
not with pH. Limitations in the use of pK’-temperature rela- 
tionships and in comparison of pH values obtained at different 
temperatures are discussed. 
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Selenium, an element long known to be toxic to living organ- 
isms (1, 2), has only recently been implicated as an essential 
trace element for rats (3), chicks (4, 5) and several other animals. 
The work of Franke (6), Horn e¢ al. (7), Painter (8, 9), and Mc- 
Connell (10, 11) established that if toxic amounts of selenium 
were supplied in various chemical forms to a number of plants, 
animals, and microorganisms, the selenium is ‘‘bound’’ to the 
proteins of these organisms. Although it has been frequently 
suggested that selenium can replace sulfur in protein cyst(e)ine 
or methionine or both, the exact manner in which selenium is 
incorporated into protein has never been clarified. Two recent 
reviews dealing with the metabolism of selenium are available 
(2, 12). 

In 1957, Cowie and Cohen demonstrated that selenomethionine 
can completely replace methionine for the normal exponential 
growth of a methionine-requiring mutant of Escherichia colt, 
and that active enzymes are formed under their conditions. 
They also found that selenite is taken up by E. colt grown in 
the presence of methionine, and that selenium is incorporated 
into cellular protein, possibly as selenocysteine (13). 

The present results demonstrate that E. coli is capable of 
metabolizing inorganic selenium to amphoteric organic com- 
pounds which are incorporated into protein. Selenium was 
found to replace sulfur partially in methionine and possibly 
cyst(e)ine of bacterial protein. 


EXPERIMENTAL PROCEDURE 


Radioselenitte—H Se’ 0; in HC] solution (original radioactivity 
5380 mc per g) was used. 

Growth of Cultures—Cultures of wild-type EF. colt strain B 
were maintained on glucose-salts agar slants with periodic trans- 
fers. The composition of the complete glucose-salts liquid 
medium used for routine growth and preparation of exponentially 
growing cultures was a minor modification of that used by 
Roberts et al. (14). A sulfur-deficient medium (14) was usually 
employed in the experiments in which radioselenite was supplied. 
Cell growth was followed at 650 my in a Beckman DU spectro- 
photometer. Optical densities were converted to ug of dry 
weight of cells per ml by a standard conversion curve. To ob- 
tain exponentially growing cultures for use in studies on growth 


* Taken from the Ph.D. dissertation submitted to the Gradu- 
ate School of Cornell University by Trygve Tuve. Presented in 
part before the American Chemical Society, 132nd Annual Meet- 
ing, New York, 1957. 

t Present address, National Institute of Arthritis and Meta- 
8 Diseases, National Institutes of Health, Bethesda, Mary- 
and. 


rates and kinetics of radioselenium incorporation, a culture was 
incubated with aeration overnight in complete medium at 37° 
and allowed to reach maxima] total growth obtainable with the 
limiting glucose. The cells were harvested by centrifugation, 
washed with the medium chosen for the experiment, and resus- 
pended. Exponential growth resumed immediately, or within a 
few minutes. 

Preparation of Bacterial Protein—Bacteria were harvested and 
fractionated by the method of Roberts et al. (14). It was found 
necessary to wash all samples of bacteria with 0.9% NaCl before 
precipitation of protein with cold trichloroacetic acid; otherwise 
coprecipitation of radioselenite and protein occurred. The hot 
trichloroacetic acid-insoluble protein fraction was employed in 
all studies of protein-bound selenium. 

Hydrolysis of Bacterial Protein—Acid hydrolysis of the protein 
of the cells was carried out in sealed Pyrex tubes. Several 
hydrolytic procedures were attempted and are individually de- 
scribed below. 

Paper Chromatography—Ascending chromatography at room 
temperature in battery-jar tanks was employed throughout. 
The chromatograms on 24- X 26-cm Whatman No. 1 paper 
were usually two dimensional. The compositions of the solvents 
(14, 15) were: (I) sec-butyl alcohol-formic acid-water, 70:10:20; 
(II) phenol-ammonia-water, 80:0.3:20; (III) isopropyl] alcohol- 
formic acid-water, 70:10:20; (IV) tert-butyl alcohol-HCl-water 
70:6.7 :23.3; and (V) methanol-pyridine-water, 80:4:20: 

Ion Exchange Columns—Dowex 50-X8 (50 to 100 mesh, H+ 
form), and Dowex 2-X8 (200 to 400 mesh, OH~- form), ion ex- 
change columns were used for the separation of the radioselenium 
compounds in protein hydrolysates. 

Radioautographs—Radioautographs of the paper chromato- 
grams were made with Kodak “No-screen” x-ray film. 

Paper Chromatographic Identification of Labeled Unknowns—A 
rapid method for the positive identification of trace quantities of 
labeled unknown compounds has been described, and is termed 
the chromatographic “fingerprint”? method (14). In this pro- 
cedure, the unknown radioactive material is mixed with a 
chemically detectable quantity of a known carrier compound 
which is suspected to be identical with the unknown. The 
mixture is subjected to paper chromatography. The chromato- 
gram is radioautographed, and a chemical test for the carrier 
compound is carried out. If a darkened area on the radioauto- 
graph produced by the radioactivity of the unknown material 
and the colored area produced by a chemical test for the known 
compound are identical with respect to location, shape, size, and 
relative intensity, the two compounds are identical. If the two 
compounds are not identical, the two areas will not precisely 
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superimpose. The radioactive unknown must not contribute 
to the chemical test employed for the detection of the carrier 
material. 


RESULTS 


Growth of E. coli in Presence of Selenite—Since little informa- 
tion was available concerning the effect of selenite on the growth 
of FE. coli, preliminary experiments were carried out to determine 
the levels of selenite at which it became measurably toxic in a 
glucose-salts medium. Fig. 1 is a typical growth curve of E. 
coli strain B grown in the sulfur-deficient medium. The break 
in the exponential curve is the point at which all available sulfur 
in the medium, as well as internal sulfur reserves, is exhausted; 
this is designated the ‘‘sulfur depletion point.”” After exhaustion 
of sulfur, growth proceeds at approximately one-tenth of the 
normal rate, and during this phase, sulfur for growth is derived 
from the alcohol-soluble protein (14). Growth resumes at the 
maximal rate at any time after sulfur depletion if any source of 
sulfur available to the organism is added to the deficient me- 
dium. Sulfur compounds utilized by FE. coli for growth include 
sulfate, sulfite, cysteine sulfinic acid, thiosulfate, cystine, or 
glutathione. Extensive studies of sulfur metabolism in E. colt 
have been reported (14). 

Concentrations of less than 10 ug of selenite-selenium per ml 
had no detectable effect on exponentially growing cultures in the 
deficient medium. At or above 10 ug of selenium per ml, there 
was a decrease in the growth rate (but not total growth). Addi- 
tions of biotin, thiamine, coenzyme A, and methionine did not 
permit selenium to spare the sulfur requirement. At selenium 
concentrations of 10 to 20 ug per ml, sulfate, methionine, and 
cystine partially alleviated the toxicity to growth. At very 
high levels of selenite, these compounds were ineffective. The 
initial sulfur concentration of the sulfur-deficient medium used 
in these experiments was approximately 0.3 ug of “available” 
sulfur per ml (14). 

Kinetics of Incorporation of Selenium—Since the evidence 
presented by others (13, 16-19) indicated that sulfur and selen- 
ium are competitive antagonists at the selenate-sulfate and 
selenomethionine-methionine metabolic levels, it was of interest 
to test whether selenium, supplied as selenite, could compete 
with sulfur, supplied as sulfate, for incorporation into protein. 
Since the pathway of incorporation of sulfate into protein cyst(e)- 
ine and methionine is by way of sulfite in F£. colt (14), competi- 
tion would be expected to occur at the common sulfite-selenite 
oxidation level. 

Fig. 2 illustrates the results of a typical radioselenium incor- 
poration study. Radioselenite (2 ug of selenium per ml) was 
added to a culture of E. coli growing in the deficient medium 
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immediately before sulfur exhaustion. Samples of the culture 
were withdrawn at appropriate time intervals during growth, 
and filtered under suction through collodion membrane filters 
(S and § ultrafilters) to collect bacteria (whole cells). The 
bacterial residue was washed with nonradioactive medium to 
remove radioactive materials adhering to the cells and the filters, 
The filters were dried, placed on counting planchets, and the 
radioactivity was counted with a Nuclear-Chicago ultrascaler 
equipped with a 1.4 mg per cm? end window counter. The 
radioselenium uptake by the bacteria was found to be propor- 
tional to the dry weight increase during the two growth phases 
which preceded and followed sulfur depletion of the medium, 
although it was much greater after exhaustion of sulfur. 

Fig. 3 shows the same experiment in which the incorporation 
into whole cells is plotted against time. It is evident that the 
rate of selenium incorporation per minute also increases after 
sulfur depletion, after which it remains linear for 1 or 2 hours. 
The rate of incorporation is not linear before sulfur exhaustion, 
since growth is exponential. 

Aliquots of the culture taken at various time intervals were 
fractionated by the standard procedure. In all instances, 90% 
or more of the selenium taken up by whole cells was found in 
the residual hot trichloroacetic acid-insoluble protein fraction. 
Very small quantities of radioselenium were found in the other 
cellular fractions. 

Several experiments were designed to determine the manner 
in which the incorporation was taking place, whether it be ad- 
sorption of selenite, deposition of elemental selenium, adaptation 
to selenium uptake, or amino acid synthesis and incorporation of 
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Fig. 2. Incorporation of radioselenite by E. coli. The right- 
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Fig. 3. Incorporation of radioselenite by E. coli. Same experi- 
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analogues into protein, any of which might result in the observed 
cellular uptake. In an experiment in which chloramphenicol 
was added to prevent protein synthesis, as well as culture growth 
(20), no selenium incorporation could be detected. A similar 
experiment in which 2,4-dinitrophenol (10-* m) was added also 
showed no incorporation. When 2,4-dinitrophenol was added 
at a level which was sufficient to slow the growth rate to one- 
half normal, the selenium incorporation was found to be one- 
half of the expected rate, but the incorporation of selenium was 
proportional to dry weight increase. 

When radioselenite was added to a sulfur-depleted culture, 
the maximal rate of incorporation was immediately observed 
(Fig. 4). If sulfate was added to the depleted culture incorporat- 
ing selenium at maximal rate, the rate of selenium incorporation 
was immediately diminished to that observed when sulfate and 
selenite were present in the medium of a normal exponentially 
growing culture, and the growth rate returned to normal. 

Supplementation of exponentially growing cultures with sulfate 
and selenite at various concentrations showed that the two 
anions compete with each other for cellular uptake, in agreement 
with the results of Cowie and Cohen (13). Fig. 5 illustrates the 
effects of the addition of three levels of radioselenite to expo- 
nentially growing cultures in the deficient medium. The addition 
of methionine or sulfite to a growing culture containing radio- 
selenite also decreased the rate of incorporation of selenium. 

The addition of cystine, as a potential competitor, produced a 
surprising result. The apparent rate of incorporation became 
very high, and the cultures soon began to turn reddish pink, 
indicating the deposition of elemental selenium. In no other 
case had the cultures turned pink. 

Isolation of Selenium Compounds from Protein Hydrolysates— 
Several attempts to determine the nature of the radioactive 
materials which occurred in the protein fractions of the cells 
were made. A preliminary report has been published (21). A 
culture consisting of 600 ml of sulfur-deficient medium, 6 ml of 
10% glucose solution, and 1.75 mg of radioselenium, as selenite, 
was inoculated with E. coli, incubated for 48 hours with aeration 
at 37°, and harvested. The cells were washed twice with 0.9% 
NaCl. The standard fractionation procedure was employed to 
obtain the residual hot trichloroacetic acid-insoluble protein. 
Approximately 10 mg of the protein fraction were obtained, and 
were incubated for 30 hours at 37° with 4 mg of pepsin (1:10,000) 
at pH 1.5, during which time it dissolved. The solution was 
neutralized to pH 7.5 with dilute NaOH. After 30 hours of 
incubation at 37° with 5 mg of pancreatin, 1 mg of erepsin was 
added, and the solution was incubated for 24 hours. The pH 
was maintained at 7.5. 

The solution resulting from the enzymatic digest containing 
amino acids, peptides, and NaCl was placed on a 5-ml Dowex 
50 column (H+ form). The column was washed with water, 
which removed some anionic selenium (arising from the destruct- 
tion of amino acids or weakly bound to the original protein). 
This small quantity of radioactivity which passed through the 
column during the water wash was not investigated. Elution 
with 1.5 n HCl yielded a series of radioactive fractions (approxi- 
mately 5mleach). The fractions containing the highest quanti- 
ties of radioactivity (from 20 to 50 ml of eluate) were dried under 
reduced pressure at room temperature to remove HCl. The re- 
sulting material was dissolved in a small quantity of water, and 
an aliquot was withdrawn for chromatographic investigation. 
The aqueous solution was allowed to pass through a 3-ml Dowex 
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Fig. 5. Effect of selenite concentration on the incorporation of 
selenite by E. coli. A, 7.2 ug of Se per ml; O, 4.6 ug of Se per 
ml; @, 2.4 ug of Se per ml. The breaks in each curve occur at 
the time of sulfur depletion. 


2 anion exchange column. This column was washed with water 
to remove insignificant quantities of radioactivity. Elution of 
the Dowex 2 column with 1.5 Nn HCl produced a highly radio- 
active eluate at 6to9ml. This solution was dried under reduced 
pressure, taken up in a small quantity of water, and chromato- 
graphed in two dimensions with solvents I and II. A radioauto- 
graph of this chromatogram showed one highly radioactive spot, 
for which the Rr values in both dimensions corresponded to syn- 
thetic selenomethionine.! The radioactive spot was cut out, 
and the radioactive material was eluted. It was then cochro- 
matographed with synthetic selenomethionine in solvent V, as 
described under “Experimental Procedure.”’ In every detail, 
the radioautograph of the chromatogram corresponded to the 
ninhydrin test for the carrier selenomethionine, proving the 
presence of selenomethionine in the protein of the original cells. 
The chromatogram made from a sample of the eluate of the 
Dowex 50 column also showed, among others, a highly radioac- 
tive spot at the location of selenomethionine. This spot was 
also eluted, and shown to be selenomethionine by the procedure 
described above. Table I gives the R» values for several known 
selenium compounds, as well as those for the selenomethionine 
obtained from labeled protein. Since much of the radioactivity 
remained firmly bound to the Dowex 50 column, low yields of 
radioselenium compounds were obtained on column chromatog- 
raphy of the enzymatic hydrolysates. With the use of enzymatic 


1 Synthetic selenomethionine was synthesized by Dr. Alex 
Shrift by the methods of Klosterman and Painter (22, 23), and 
it was used in the experiments by Shrift (17) and by Cowie and 
Cohen (13). 
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TABLE I 
Ry values for selenium compounds in various solvents 

See ‘‘Experimental Procedure’’ for compositions of solvents. 
Radioselenium compound A obtained from selenomethionine re- 
gion of paper chromatogram of Dowex 2 eluate in enzymatic hy- 
drolysis procedure. Radioselenium compound B, similar to A, 
except obtained by acid hydrolysis of radioactive protein. See 
text for details. 


Rr in solvent 
Compound 
II III IV Vv 

0.45 | 0.20 0.60 0.60 
0.03 | 0.05 0.25 1.0 
Synthetic selenocys- 

0.08 | 0.30(s)* | 0-0.2(s) | 0.15 
Synthetic selenome- 

Ghiemime. ..........; 0.55 | 0.80 0.80 0.75 | 0.65 
Radioselenium com- 

Biv 0.55 | 0.80 0.80 0.75 | 0.65 
Radioselenium com- 

eer err 0.55 | 0.80 0.80 0.75 | 0.65 


* (s) = streaks. 


hydrolysis, we were unable to obtain any fractions corresponding 
chromatographically to selenium analogues of cyst(e)ine. 

Although numerous attempts to obtain radioselenium com- 
pounds from acid hydrolysates were made, the results were 
usually unsatisfactory. Acid hydrolysis of seleniferous proteins 
was frequently accompanied by extensive destruction and loss 
of organoselenium compounds. Such losses, as well as the 
formation of large quantities of humin from which the selenium 
could not be extracted, have been observed by many others (9). 
One hydrolytic procedure has been moderately successful in our 
laboratory. Labeled cells were grown and fractionated as 
described above. Hydrolysis of 5 mg of protein with 2 ml of a 
50:50 mixture of formic acid and HC] was carried out in a sealed 
tube for 15 hours at 108°. The tube was opened and the acids 
removed under reduced pressure at room temperature. A rela- 
tively small amount of humin was observed. The resulting 
amino acid hydrochlorides were subsequently chromatographed 
on Dowex 50, as before. Paper chromatograms of various radio- 
active fractions of the eluate from the Dowex 50 column in sol- 
vents I and II showed, besides selenomethionine, several un- 
known radioselenium compounds. Repeated attempts to iden- 
tify selenocyst(e)ine in acid hydrolysates were unsuccessful. A 
radioactive compound possessing FR» values similar to synthetic 
selenocystine? in solvents I to IV did not cochromatograph with 
carrier synthetic selenocystine, nor did its hydrogen peroxide 
oxidation products. This compound was partially decomposed 
into selenite upon oxidation with dilute hydrogen peroxide, as 
was authentic selenocystine. Unfortunately, selenocystine and 
selenomethionine were the only reference compounds obtainable. 
Complete experimental details of these procedures are available 
(12). 

DISCUSSION 


The preliminary growth experiments were performed in order 
to study the general properties of EF. colt grown in the presence 
of low concentrations of selenite. Since the addition of selenite 
to a sulfur-deficient medium did not permit increased growth 


2 Selenocystine was obtained from Dr. Klaus Schwarz. It was 
synthesized by Dr. E. P. Painter (24). 
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either when it was allowed to compete with sulfur for synthesis 
of all sulfur compounds, or when supplements of sulfur com- 
pounds were added, it can be concluded that inorganic selenium 
will not significantly spare the sulfur requirement of these bac- 
teria. These results also indicate that the substitution of sulfur 
by selenium is not a quantitatively important process at subtoxic 
levels. These results are not in accord with those of Cowie and 
Cohen (13), who found that selenite not only depressed the 
incorporation of sulfate, but also spared the sulfur requirement 
of £. colt strain ML304d grown in the presence of methionine, 
and permitted growth in excess of that expected when sulfur 
alone is present. 
take is greatly increased both with respect to time and to dry 
weight after depletion of sulfur is also in disagreement with the 
results of Cowie and Cohen (13). It is possible that the metab- 
olism of selenite by EF. colt strain ML304d used by Cowie and 
Cohen differs from that of FE. coli strain B used in the present 
experiments. 

Abundant evidence indicates that at least two different 
mechanisms for selenite toxicity (or metabolism) exist: (a) the 
reaction of selenite with sulfhydryl groups, and (b) the incor- 
poration of selenium into analogues of sulfur compounds. The 
possibility that both of these processes can occur in E. coli is 
suggested by the fact that although sulfate depresses the toxicity 
of low concentrations of selenite at which it seems probable that 
analogue synthesis is the dominant phenomenon, it has no effect 
on high levels of selenite (25) at which the reaction of selenite 
with essential sulfhydryl groups becomes the basis for the 
toxicity. In an attempt to eliminate the latter phenomenon 
and the consequent deposition of elemental selenium (12), and 
to measure only incorporation resulting from competition of 
selenium with sulfur, the incorporation studies were carried out 
at subtoxic levels of selenite. 

At least two possible explanations exist for the results ob- 
tained: (a) that after sulfur depletion, the reaction of selenite 
with sulfhydryl groups and the concomitant deposition of 
intracellular elemental selenium becomes appreciable, or (0) 
that competition between sulfur and selenium can be expected 
to occur not only at the sulfite-selenite oxidation level, but also 
at any metabolic level at which a synthesizing or incorporating 
enzyme is presented with corresponding sulfur and selenium 
analogues. Thus, after exhaustion of sulfur, since no sulfur 
compounds are being synthesized, the systems responsible for 
the synthesis of cyst(e)ine or methionine from inorganic materials 
are presented only with selenium compounds. 

Evidence ruling out the possibility that the observed incor- 
poration is due to the deposition of elemental selenium is avail- 
able from the observation that in no case did any of the cultures 
turn pink (except when exogenous cystine was added). In some 
instances, the cells had taken up sufficient radioselenium to have 
become bright red if the observed incorporation had been due 
to the deposition of elemental selenium. | 

The experiments performed with chloramphenicol and 2,4 
dinitrophenol show that the “‘incorporation’’ of selenium may be 
dependent on concomitant protein synthesis, oxidative phos- 
phorylation, and cellular growth. From these data, and the 
shapes of the incorporation curves, “‘adsorption”’ of selenite can 
be excluded. The depressing effect of the addition of sulfate on 
the incorporation of selenium also supports the hypothesis of 
competition rather than deposition of elemental selenium, and 
furthermore, shows that no adaptation to selenium uptake o¢- 
curs. 


Our observation that the rate of selenium up- | 
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The present evidence illustrates two major points: (a) that 
selenium and sulfur are competitive, at some metabolic level, 
for incorporation into trichloroacetic acid-insoluble material, and 
(b) that the observed incorporation is due, at least in part, to 
the substitution of selenium analogues of methionine and pos- 
sibly cyst(e)ine for the corresponding sulfur amino acids in the 
bacterial protein, and is not due to the deposition of elemental 
selenium. 

The observation that intracellular metallic selenium is de- 
posited upon the addition of cystine to a culture growing in the 
presence of selenite is illustrative of the phenomenon of bacterial 
reduction of cystine to cysteine, which then reacts with selenite, 
producing elemental selenium. Cystine itself does not react 
with selenite, although the reaction of cysteine with selenite is 
well documented (2). It seems likely that this mechanism was 
not operating in sulfur-deficient cultures, since only limiting 
amounts of cysteine were synthesized by the bacteria. 

On the basis of the results obtained when proteins were pre- 
cipitated with trichloroacetic acid in the presence of selenite, it 
must be stated that the mere binding of selenium to proteins 
does not prove that the selenium is in the form of amino acids. 
The results described above rule out the possibility that co- 
precipitation of selenite and protein was observed to any signifi- 
cant extent. 

The data also show that E. colt is capable of converting in- 
organic selenium into compounds which subsequently are in- 
corporated into protein, and which, upon hydrolysis of these 
seleniferous proteins, prove to be amphoteric. One of these 
compounds exhibits Ry values identical with those of seleno- 
methionine in five chromatographic solvents. Furthermore, 
this compound cochromatographs precisely with carrier syn- 
thetic selenomethionine. From hydrolysates of dog liver pro- 
teins labeled in vivo with radioselenite, McConnell and Wabnitz 
have also obtained selenium-containing compounds which be- 
have like amino acids chromatographically and on ion exchange 
columns (11). 

Since cysteine is an intermediate in the biosynthesis of methi- 
onine in E. coli (14), and since we have isolated selenomethionine 
from protein of these bacteria, we believe that selenocysteine 
may also be produced. Thus, an analogue of cystine in which 
only one sulfur atom has been replaced by selenium may be 
synthesized by these bacteria. Because of the lability of the 
diselenides and selenosulfides (12), isolation and hydrolysis of 
seleniferous bacterial protein should yield a number of products 
containing selenium. The isolation and identification of these 
products awaits the synthesis of the reference compounds. 


SUMMARY 


1. Experiments on the incorporation of trace quantities of 
radioselenium (supplied as selenite) by Escherichia coli are pre- 
sented. The data show that the incorporation of selenium by 
E. coli grown in a sulfur-deficient glucose-salts medium containing 
radioselenite is proportional to the increase of bacterial dry 
weight during the two growth phases before and after depletion 
of sulfur in the medium. The rate of uptake of radioselenium 
increases considerably after sulfur depletion. The experiments 
described rule out the possibility that the observed incorpora- 
tion is due to adaptation, adsorption of selenite, or deposition of 
elemental selenium. The data are interpreted to mean that 
selenium is competitive with sulfur for the synthesis of cyst(e)ine 
and methionine and their seleno analogues, and that these 
analogues are incorporated into protein. 
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2. Studies on the isolation of selenium compounds from 
seleniferous FE. coli protein are described. It is shown that at 
least two amphoteric compounds containing selenium can be 
isolated from protein hydrolysates. With use of paper chro- 
matographic methods, selenomethionine was identified as a 
component of samples of bacterial protein obtained from E. coli 
grown in the presence of low concentrations of selenite. The 
existence in bacterial protein of selenocystine or an analogue ~ 
containing one Se and one S atom or both of these is postulated, 
but could not be demonstrated. 

3. It is shown that a compound having R, values similar to 
synthetic selenocystine in four chromatographic solvent systems 
is not this analogue. Therefore, ion exchange and chromato- 
graphic evidence for the existence of the selenium analogue of 
cystine in proteins must be interpreted with care. 
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